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Abstract

The basic leucine zipper transcription factor ATF-like 3 (BATF3) is required for the development 

of conventional type 1 dendritic cells that are essential for cross-presentation and CD8 T cell 

mediated immunity against intracellular pathogens and tumors. However, whether Batf3 
intrinsically regulates CD8 T cell responses is not well studied. Here, we report a novel role for 

cell intrinsic Batf3 expression in regulating the establishment of circulating and resident memory 

T cells after foodborne Listeria monocytogenes infection of mice. Consistent with other studies, 

Batf3 expression by CD8 T cells was dispensable for the primary response. However, Batf3−/− T 

cells underwent increased apoptosis during contraction to contribute to a substantially reduced 

memory populations. Batf3−/− memory cells had an impaired ability to mount a robust recall 

response but remained functional. These findings reveal a novel cell intrinsic role of Batf3 in 

regulating CD8 T cell memory development.

Introduction

The basic leucine zipper transcription factor ATF-like 3 (BATF3) is a member of the AP-1 

transcription factor family and required for the development of conventional type 1 dendritic 

cells (cDC1) (1–3). cDC1 are essential for cross-presentation of exogenous antigens to 

prime CD8 T cells in vivo and Batf3−/− mice that lack cDC1 have defective CD8 T cell 

responses to intracellular pathogens and tumors (1). Batf3-dependent cDC1 may also affect 

the CD8 T cell response through other functions such as providing a critical source of IL-12 

during Toxoplasma gondii infection and transporting bacteria to the splenic T cell zone to 

establish a productive infection during systemic Listeria monocytogenes (Lm) infection (4, 

5). Moreover, cDC1-mediated cross-priming has also been shown to promote skin CD8 

tissue-resident memory T (TRM) cell development by inducing committed TRM cell 

precursors without affecting their differentiation (6).

Batf3 gene expression is low in naïve CD4 and CD8 T cells (1). However, CD4 T cells 

upregulate Batf3 gene expression during in vitro TH1, TH2, TH17, and TH9 cell 

differentiation but not Treg cell differentiation (1, 7–9). While Batf3−/− CD4 T cells show 
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normal TH1, TH2 and TH17 cell differentiation, Batf3 induces TH9 cell differentiation by 

binding to the Il9 promoter through a BATF3/IRF4 complex (1, 8, 9). Batf3 inhibits Treg 

differentiation by repressing Foxp3 expression and Batf3−/− mice have increased Treg cells 

(7, 10). Batf3 is also associated with lymphomagenesis in B and T cell lymphomas. 

Knockdown of Batf3 expression in lymphoma cell lines resulted in reduced proliferation and 

enhanced apoptosis that was associated with BATF3 binding to the Myc promoter (11). 

Much less is known about the intrinsic role of Batf3 in CD8 T cell responses to pathogens. 

Batf3 expression by CD8 T cells does not appear to regulate the primary CD8 T cell 

response as adoptive transfer of Batf3−/− CD8 T cells into Rag2−/− mice led to a normal anti-

viral CD8 T cell response 7 days after infection (1). However, whether Batf3 intrinsically 

regulates other phases of the CD8 T cell response has not been explored.

Consistent with previous studies, Batf3 expression by CD8 T cells was dispensable for the 

primary response to foodborne Lm infection. However, this study revealed the novel 

observation that Batf3 expression by CD8 T cells critically regulated memory T cell 

development. Batf3−/− CD8 T cells were largely absent from the circulation and secondary 

lymphoid tissues during memory homeostasis. The remaining Batf3−/− CD8 T cells isolated 

during memory homeostasis possessed a predominantly terminally differentiated phenotype. 

Moreover, Batf3−/− CD8 T cells were also unable to establish a robust TRM cell population 

in the intestinal epithelium. Batf3 expression by CD8 T cells played an important role in 

promoting the survival of CD8 T cells as Batf3−/− CD8 T cells had increased apoptosis 

during contraction. Furthermore, the intrinsic Batf3 expression is important for CD8 T cells 

to mount a robust recall response but is not required for their function. These results reveal a 

critical and intrinsic role of Batf3 in regulating CD8 T cell memory development and recall 

responses.

Materials and Methods

Mice

Female and male B6 mice (C57BL/6J and B6.SJL-Ptprca Pepcb/BoyJ) were purchased from 

the Jackson Laboratory and used between 8 and 12 weeks of age. OT-I Rag1−/− mice were 

bred in house. B6.129S(C)-Batf3tm1kmm/J (Batf3−/−) mice were purchased from the Jackson 

Laboratory. OT-I Rag1−/− mice were crossed with B6.129S(C)-Batf3tm1kmm/J mice to make 

Batf3+/− OT-I Rag1−/− heterozygous. Wild-type (WT) and Batf3−/− OT-I Rag1−/− mice used 

in experiments were generated by heterozygous breeding of Batf3+/− OT-I Rag1−/− mice. All 

mice were housed under specific-pathogen-free condition. All procedures were carried out in 

accordance with National Institute of Health guidelines and approved by the Stony Brook 

University Institutional Animal Care and Use Committee.

Bacteria and foodborne infection

Listeria monocytogenes strain 10403s carrying a mutation in the internalin A protein and 

expressing a truncated form of ovalbumin (InlAM rLm-OVA) was used. Prior to infection, 

mice were deprived of food and water for 6 hours. Foodborne infection was performed by 

providing ~1 cm3 piece of bread inoculated with InlAM rLm-OVA in PBS to individually 
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housed mice. The doses for primary and recall infection were 2×109 and 2×1010 cfu, 

respectively.

Cell sorting

Naïve OT-I cells were obtained by sorting CD8 T cells from the spleen of OT-I Rag1−/− 

mice. To obtain effector OT-I cells, 1×104 naïve CD45.1+ OT-I cells were adoptively 

transferred into CD45.2+ recipient mice. One day later, mice were foodborne infected with 

2×109 cfu InlAM rLm-OVA. 6 days post infection (dpi), effector OT-I cells were enriched 

from the mesenteric lymph nodes (MLN) using positive magnetic selection (Miltenyi 

Biotec) and sorted on a FACSARIA III cell sorter (BD Biosciences) based on the CD45 

congenic marker.

Quantitative PCR

RNA was isolated using RNeasy Plus Micro Kit (QIAGEN) and cDNA was generated using 

iScript Advanced cDNA Synthesis Kit (Bio-Rad). Real-time RT-PCR was performed on a 

Bio-Rad CFX96™ using primers purchased from Bio-Rad (qMmuCID0020840 for Batf3 
and qMmuCID0022816 for Hmbs).

Adoptive co-transfers

WT and Batf3−/− OT-I cells bearing different CD45 congenic markers (2×103 each) were 

intravenously co-transferred into naïve congenic mice one day prior to foodborne infection. 

Congenic allele use was based on mice availability but always performed to distinguish 

donors from each other and the recipient.

Flow cytometric analysis and reagents

To isolate cells for flow cytometric analysis, spleen and MLN were mashed through 70 µm 

cell strainers. Small intestine intraepithelial lymphocytes (IEL) were isolated as previously 

described (12, 13). For functional analysis, IEL were mixed with equal number of 

congenically different naïve splenocytes and subsequently stimulated with or without 1 

µg/ml of SIINFEKL peptide at 37℃ for 5 hours in the presence of brefeldin A followed by 

intracellular staining of IFNγ and TNFα. Granzyme B staining was performed directly ex 
vivo. Reagents for flow cytometric analysis are listed in Supplemental Table 1. Data were 

acquired on a LSRFortessa (BD Biosciences) and analyzed with FlowJo software (Tree 

Star).

Statistical Analysis

Statistical analyses were performed in Prism (GraphPad Software) using unpaired t test for 

Figure 1 and paired t test for all other figures. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, 

p ≤ 0.0001.
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Results and Discussion

Batf3 expression by CD8 T cells is dispensable for the primary response but critically 
regulates memory development

It is well established that Batf3-dependent cDC1 play a crucial role in mounting anti-viral 

and anti-tumor CD8 T cell response by cross-presenting exogenous antigens to naïve CD8 T 

cells. However, only cursory examinations of Batf3 intrinsic effects on the CD8 T cell 

response have been evaluated. As such, effector OT-I cells isolated from the MLN of mice at 

6 days post infection (dpi) with a mouse adapted Listeria monocytogenes expressing 

ovalbumin (InlAM rLm-OVA) were evaluated for Batf3 gene expression. Effector CD8 T 

cells rapidly upregulated Batf3 gene expression (Fig. 1), suggesting that cell intrinsic Batf3 
expression may play a role in the CD8 T cell response to infection.

To determine whether cell intrinsic Batf3 expression regulates the CD8 T cell response, 

wild-type (WT) and Batf3−/− OT-I cells bearing different congenic markers generated from 

Batf3+/− OT-I Rag1−/− heterozygous breeders were co-transferred into congenically distinct 

B6 mice prior to foodborne infection with InlAM rLm-OVA. Donor OT-I cells were gated 

based on congenic markers and analyzed at different time points after infection (Fig. 2A and 

Supplemental Fig. 1). A comparable ratio of WT and Batf3−/− OT-I cells was observed in the 

blood at 6 dpi (Fig. 2B). At 9 dpi, the peak of the primary CD8 T cell response, the ratio 

remained comparable in the blood and spleen, while it was slightly skewed towards Batf3−/− 

OT-I cells in the MLN (Fig. 2B), suggesting that Batf3 does not play a critical role in CD8 T 

cell proliferation during the effector phase. Thus, Batf3 deficiency in CD8 T cells had little 

impact on the primary T cell response. At 15 dpi, the ratio of WT and Batf3−/− OT-I cells 

started to skew towards WT OT-I cells (Fig. 2B). Strikingly, at 30 dpi, the ratio was severely 

skewed towards WT OT-I cells as Batf3−/− OT-I cells were almost undetectable in the blood, 

spleen and MLN (Fig. 2B). Thus, CD8 T cell intrinsic Batf3 expression critically regulates 

the establishment of circulating memory cells.

The memory potential of CD8 T cells was further evaluated by assessing the compositions 

of short-lived effector cells (SLEC; CD127− KLRG-1+), double positive effector cells 

(DPEC; CD127+ KLRG-1+) and memory precursor effector cells (MPEC; CD127+ 

KLRG-1−). SLEC rapidly undergo apoptosis during T cell contraction while MPEC have the 

greatest capacity to form long-lived memory cells (14). Some DPEC can lose KLRG-1 

expression and also differentiate into long-live memory cells (15). At 9 dpi, WT and 

Batf3−/− OT-I cells had similar compositions of SLEC, DPEC and MPEC in the blood, 

spleen and MLN (Fig. 2C and Supplemental Fig. 2). Only subtle differences were observed. 

Overall, these data suggest that Batf3 expression by CD8 T cells was largely dispensable for 

the primary response and the differentiation of effector T cells. At 15 dpi, although the ratio 

started to skew towards WT OT-I cells, the composition of SLEC, DPEC and MPEC 

remained largely comparable between WT and Batf3−/− OT-I cells with the exception that 

Batf3−/− OT-I cells that had slightly less DPEC in the blood (Fig. 2C and Supplemental Fig. 

2). However, by 30 dpi, Batf3−/− OT-I cells had a significantly higher proportion of SLEC 

phenotype cells in the blood and spleen and a significantly lower proportion of MPEC 

phenotype cells in the blood, spleen and MLN (Fig. 2C and Supplemental Fig. 2). Batf3−/− 
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OT-I cells also had a significantly lower proportion of DPEC in the blood (Fig. 2C). The 

heavy skew towards terminally differentiated SLEC but away from the memory potential of 

MPEC and DPEC phenotypes between 15 and 30 dpi reflects the fate of Batf3−/− OT-I cells 

at 30 dpi. Thus, cell intrinsic Batf3 expression may regulate the MPEC lineage to promote 

memory cell development during contraction.

Batf3 expression by CD8 T cells promotes TRM cell development in the intestinal 
epithelium

Batf3-dependent cDC1-mediated cross-priming has been shown to promote skin CD8 TRM 

cell development (6). Foodborne Lm infection drives robust CD103+ TRM cell development 

in the intestine (16). As such, the role of cell intrinsic Batf3 expression by CD8 T cells in 

CD103+ TRM cell development in the intestinal epithelium was evaluated. WT and Batf3−/− 

OT-I cells had comparable expression of gut-homing receptors integrin α4β7 and chemokine 

receptor CCR9 in the blood at 6 dpi (Fig. 3A), suggesting that Batf3 expression by CD8 T 

cells did not regulate gut-homing receptor expression or intestinal migration capacity. At 9 

dpi, the ratio of WT and Batf3−/− OT-I cells was comparable in the intestinal epithelium 

(IEL compartment) (Fig. 3B). Both WT and Batf3−/− OT-I cells comprised similar 

compositions of effector subsets (Fig. 3C). Although Batf3−/− OT-I cells had a slight 

disadvantage in upregulating CD69 and CD103 expression, a similar number of WT and 

Batf3−/− OT-I cells had differentiated into CD103+ TRM cell precursors (Fig. 3D), 

suggesting that Batf3 expression by CD8 T cells does not regulate the generation of 

intestinal CD103+ TRM cell precursors. A similar phenomenon was observed at 15 dpi (Fig. 

3B–3D). However, by 30 dpi, Batf3−/− OT-I cells were significantly reduced in the IEL 

compartment (Fig. 3B), suggesting Batf3 deficiency in CD8 T cells impairs TRM cell 

development. Although Batf3−/− OT-I cells had a slightly increased ability to differentiate 

into MPEC and CD103+ TRM cells (Fig. 3C and 3D), the number of CD103+ TRM cells in 

the IEL compartment at 30 dpi was significantly lower among Batf3−/− OT-I cells (Fig. 3D). 

Overall, these data suggest that Batf3 expression by CD8 T cells promotes CD103+ TRM cell 

development in the intestinal epithelium without affecting the expression of gut-homing 

receptors or the generation of CD103+ TRM cell precursors. It should also be noted that TRM 

cells appeared less impacted by cell intrinsic Batf3 deficiency compared to their circulating 

counterparts, suggesting that distinct environmental signals present in the gut overcomes the 

defect of cell intrinsic Batf3 deficiency on CD8 T cells.

Batf3 expression by CD8 T cells promotes CD8 T cell survival

Batf3 expression drives lymphomagenesis by promoting proliferation and survival (11). 

Batf3−/− OT-I cell numbers were normal during the effector phase suggesting that any 

potential impact on effector cell proliferation would be minimal. However, Batf3−/− OT-I 

cells decreased drastically between 15 and 30 dpi (Fig. 2B), suggesting an important role for 

Batf3 in regulating CD8 T cell survival during contraction. As such, apoptosis of WT and 

Batf3−/− OT-I cells was evaluated. Compared to WT OT-I cells, Batf3−/− OT-I cells had a 

significant increase in early apoptotic cell (Apotracker+ Live/dead−) populations at 9, 15 and 

30 dpi, and the increase enlarged over time (Fig. 4). An increase in late apoptotic cells 

(Apotracker+ Live/dead+) also emerged in Batf3−/− OT-I cells by 30 dpi (Fig. 4). These data 

suggest that Batf3 expression regulates memory CD8 T cell development in part by 
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promoting CD8 T cell survival. The survival of effector CD8 T cells during contraction is 

dependent on IL-7 and IL-15, which upregulates the anti-apoptotic molecule Bcl-2 to 

overcome the effect of TGFβ (14). As Bcl2 family members are known targets of AP-1 

transcription factors (17), Batf3 may regulate memory development by promoting the anti-

apoptotic machinery. The closely related molecule, BATF, can regulate Bcl-2 expression and 

survival of effector CD8 T cells (18). A defect in homeostatic division during memory 

maintenance may also contribute to loss of Batf3−/− memory T cells. This is particularly 

relevant for TRM cells as Batf3−/− IEL are reduced but still detectable at 30 dpi. Memory 

CD8 T cells undergo IL-7 and IL-15 dependent homeostatic division (19). However, 

homeostatic turnover is slower in intestinal TRM cells (20), which may contribute to the 

reduced impact of Batf3 deficiency on TRM cell populations.

Batf3 expression by CD8 T cells is important for recall but dispensable for function.

To determine whether cell intrinsic Batf3 expression impacts recall to a secondary challenge, 

mice outlined in Fig. 2A were challenged at 30 dpi with a secondary infection and donor 

OT-I cells were analyzed at 6 days post recall infection (dpr). We were unable to detect a 

clear Batf3−/− OT-I cell population in the spleen and MLN (data not shown); thus, the 

analysis focused on donor cells from the blood and IEL compartment. While Batf3−/− OT-I 

cells were hardly detectable in the blood at memory and 6 dpr, their numbers increased after 

recall (Fig. 5A an B), suggesting that they are able to mount a recall response. However, 

while WT OT-I cells increased more than 20-fold after recall infection, Batf3−/− OT-I cells 

increased less than 10-fold (Fig. 5B), suggesting that Batf3 deficiency in CD8 T cells 

impaired their ability to mount a robust recall response. Furthermore, WT and Batf3−/− OT-I 

cells had different compositions of effector subsets at 6 dpr with Batf3−/− OT-I cells having 

less SLEC and more DPEC (Supplemental Fig. 3A). The analysis in the IEL compartment 

revealed that the ratio of WT and Batf3−/− OT-I cells was severely skewed towards WT OT-I 

cells (about 9:1) (Fig. 5C), which was more striking than that at memory (about 2:1) (Fig. 

3B). These data suggest that Batf3-deficient OT-I cells are less competitive than their Batf3-

sufficient counterparts at secondary expansion to challenge infection. The impaired ability of 

Batf3−/− OT-I cells to mount a robust recall response in the IEL was consistent with the lack 

of an emergent SLEC and CD69− population at 6 dpr (Supplemental Fig. 3B and 3C). 

Whether this defect is due to a lack of in situ proliferation and differentiation or a lack of 

newly recalled intestinal immigrants remains to be determined.

Thus far, these data demonstrated that Batf3 expression by CD8 T cells critically regulated 

memory development and the robustness of the recall response. However, whether it 

regulates T cell function is unknown. The functional analysis of WT and Batf3−/− OT-I cells 

was performed at 6 dpr. Batf3−/− OT-I cells had a subtle but significant increase in granzyme 

B in the blood but not IEL (Fig. 5D and 5E). Additionally, Batf3−/− OT-I cells produced 

similar IFNγ, but more cells were IFNγ and TNFα double producers (Fig. 5F). Collectively, 

these data suggest that Batf3 deficiency in CD8 T cells did not result in functional 

impairment during recall.

The impact of Batf3 deficiency on the CD8 T cell response has been largely attributed to a 

lack of cDC1. By assessing the impact of Batf3 deficiency on the CD8 T cell response in 
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mice with a normal compartment of DC, we uncovered a novel role for CD8 T cell intrinsic 

Batf3 expression in the establishment of robust circulating and resident memory T cells. In 

summary, intrinsic Batf3 expression by CD8 T cells was dispensable for the primary CD8 T 

cell response but required for the development of circulating memory T cells. In non-

lymphoid tissues, cell intrinsic Batf3 expression was required for optimal TRM cell 

development. In the absence of Batf3, CD8 T cells underwent more apoptosis and failed to 

survive into memory, though other mechanisms may also contribute to the reduced memory 

population. Moreover, cell intrinsic Batf3 expression is dispensable for their function but is 

required for CD8 T cells to mount a robust recall response. Altogether, this study uncovered 

a novel CD8 T cell-intrinsic role of Batf3 expression in regulating memory development and 

recall response in part by promoting T cell survival during contraction that may be exploited 

for rationale vaccine design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

BATF3 basic leucine zipper transcription factor ATF-like 3

cDC1 conventional type 1 dendritic cells

DPEC double positive effector cells

dpi days post infection

dpr days post recall

IEL intraepithelial lymphocytes

Lm Listeria monocytogenes

MLN mesenteric lymph nodes

MPEC memory precursor effector cells

SLEC short-lived effector cells

TRM resident memory T

WT wild-type
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Key Points

1. Batf3 expression by CD8 T cells critically regulates memory T cell 

development.

2. Batf3−/− CD8 T cell undergo increased apoptosis during contraction.

3. Batf3−/− CD8 T cells have an impaired recall ability but remain functional.
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Figure 1. 
Effector CD8 T cells upregulate Batf3 gene expression. OT-I cells sorted from the spleen of 

naïve OT-I Rag1−/− mouse (Naïve) and from the MLN of foodborne infected mice at 6 dpi 

(Effector) were subjected to RNA extraction and quantitative PCR. Relative expression of 

Batf3 mRNA to housekeeping gene Hmbs was calculated. The data is representative of 3 

independent experiments with n=4 and shown as mean ± SEM.
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Figure 2. 
Batf3 expression by CD8 T cells is dispensable for the primary response but critically 

regulates memory development. (A) Experimental setup. WT and Batf3−/− OT-I cells (1:1, 

2×103 cells each) bearing different congenic markers were intravenously co-transferred into 

naïve congenic mice one day prior to foodborne infection with InlAM rLm-OVA followed by 

analysis at different time points. (B) The kinetics of WT and Batf3−/− OT-I cells in the 

blood, spleen and MLN. (C) The kinetics of CD127 and KLRG-1 expression by WT and 

Batf3−/− OT-I cells in the blood and spleen. The data are pooled from 3 independent 

experiments for 6 and 9 dpi with n=36 for 6 dpi and n=12 for 9 dpi and 2 independent 

experiments for 15 and 30 dpi with n=7. The data are shown as mean ± SEM.

Qiu et al. Page 12

J Immunol. Author manuscript; available in PMC 2021 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Batf3 expression by CD8 T cells promotes TRM cell development in the intestinal 

epithelium. (A) Integrin α4β7 and CCR9 expression by WT and Batf3−/− OT-I cells in the 

blood at 6 dpi. (B) The kinetics of WT and Batf3−/− OT-I cells in the IEL compartment. (C) 

The kinetics of CD127 and KLRG-1 expression by WT and Batf3−/− OT-I cells in the IEL 

compartment. (D) The kinetics of CD1103 and CD69 expression by WT and Batf3−/− OT-I 

cells in the IEL compartment. The data in (A) are pooled from 3 independent experiments 

with n=36. The data in (A) are pooled from 3 independent experiments with n=36. The The 

data in (B-D) are pooled from 3 independent experiments for 9 dpi with n=12 and from 2 

independent experiments for 15 and 30 dpi with n=7. The data are shown as mean ± SEM.
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Figure 4. 
Batf3-deficient CD8 T cells undergo enhanced apoptosis. The kinetics of apoptosis analysis 

of WT and Batf3−/− OT-I cells in the spleen. Early apoptotic cells are defined as Apotracker+ 

Live/dead− and late apoptotic cells are defined as Apotracker+ Live/dead+. The data are 

pooled from two independent experiments with n=8 for 9 dpi and n=7 for 15 and 30 dpi and 

shown as mean ± SEM.
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Figure 5. 
Batf3 expression by CD8 T cells is important for recall response but dispensable for their 

function. Mice outlined in Fig. 2A were challenged with recall infection at 30 dpi and the 

donor OT-I cells were analyzed at 6 dpr. (A) The percentage and number of WT and 

Batf3−/− OT-I cells in the blood at 6 dpr. (B) The corresponding number of WT and Batf3−/− 

OT-I cells in the blood at 30 dpi and 6 dpr. (C) The percentage and number of WT and 

Batf3−/− OT-I cells in the IEL compartment at 6 dpr. (D) The granzyme B expression by WT 

and Batf3−/− OT-I cells in the blood at 6 dpr. (E) The granzyme B expression by WT and 
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Batf3−/− OT-I cells in the IEL compartment at 6 dpr. (F) The IFNγ and TNFα expression by 

WT and Batf3−/− OT-I cells in the IEL compartment at 6 dpr. The data are pooled from 2 

independent experiments with n=7. The data in (A, C, F) are shown as mean ± SEM. In (B, 

D, E), each dot represents an individual animal.
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