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Abstract

CD8+ T cells are critical for the immune response to pathogens and tumors and CD8+ T cell 

memory protects against repeat infections. Here, we identify the activating transcription factor 

7 interacting protein (ATF7ip) as a critical regulator of CD8+ T cell immune responses. Mice 
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with a T cell specific deletion of ATF7ip have a CD8+ T cell intrinsic enhancement of Il7r 
expression and Il2 expression leading to enhanced effector and memory responses. ChIP-seq 

studies identified ATF7ip as a repressor of Il7r and Il2 gene expression through the deposition of 

the repressive histone mark H3K9me3 at the Il7r gene and Il2-Il21 intergenic region. Interestingly, 

ATF7ip targeted transposable elements (TE) for H3K9me3 deposition at both the IL7r locus and 

Il2-Il21 intergenic region indicating that ATF7ip silencing of TE is important for regulating CD8+ 

T cell function. These results demonstrate a new epigenetic pathway by which IL7r and IL-2 

production are constrained in CD8+ T cells, and this may open up new avenues for modulating 

their production.

Introduction:

CD4+ and CD8+ T cells are important mediators of adaptive immunity. CD4+ T cells 

provide help in the form of cytokines while CD8+ T cells eliminate viral infected cells and 

tumor cells. Due to the function of CD8+ T cells in the clearance of infectious organisms 

and tumors, there has been a large body of work over the last two decades characterizing the 

factors important for CD8+ effector T cell function and the generation of memory T cells(1–

3). Critical effector molecules of CD8+ T cells include granzymes and the effector cytokines 

IL-2, TNFα, and IFNγ. After a primary infection, a subset of CD8+ T cells become memory 

CD8+ T cells that require stromal cell derived interleukin-7 (IL-7) signaling for their 

induction and maintenance(4). Secondary to their requirement for IL-7, memory CD8+ T 

cells are marked by the expression of the IL7r and memory precursor cells can be identified 

early after infection based on increased IL7r expression(5). Conversely, CD8+ terminal 

effector cells are marked by high levels of Killer Cell Lectin Like Receptor G1 (KLRG1) 

and mediate pathogen clearance(6). Recent studies have delineated the transcription factors 

critical for terminal effector and memory precursor formation with T box transcription factor 

1 (TBET) essential for terminal effector formation and Eomesodermin (Eomes) and T cell 

factor 1 (TCF1) important in memory precursor formation(6–8). While the transcription 

factor networks for CD8+ effector and memory formation are established, less is known 

about the epigenetic regulation of CD8+ T cell differentiation.

Prior studies have characterized the effect of specific repressive histone modifications on 

effector T cell development (9). While generation of the repressive H3K27me3 histone mark 

in T cells relies on one protein complex centered on the histone methyltransferase, EZH2, 

there are multiple protein complexes required for the generation of the repressive H3K9me3 

histone mark (10–12). Recent studies in CD8+ T cells has shown the importance of EZH2 in 

CD8+ T effector differentiation(13). Moreover, the H3K9me3 methyltransferase SUV39H1 

has been shown to be essential for CD8+ T cell function by silencing a stem-cell gene 

program to allow a robust memory response(14). To address whether additional proteins 

important in the formation of the H3K9me3 histone mark modulate CD8+ T cell effector 

differentiation, we started to examine chromatin regulation in CD8+ T cell differentiation.

One protein known to be critical for chromatin regulation in T cells is the activating 

transcription factor 7 interacting protein (ATF7ip). ATF7ip is an epigenetic regulator 

involved in gene repression through promoting the formation of the H3K9me3 mark 
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(15). Multiple ATF7ip binding partners have been characterized including the histone 

methyltransferase SETDB1/ESET (15, 16), and members of the HUSH (human silencing 

hub) complex (17–20) and ATF7ip has been found to regulate gene expression programs 

in retroviral silencing, cellular senescence, cancer susceptibility, and immune tolerance (16, 

21–23). Recent studies have also highlighted a specific function for ATF7ip in silencing 

transposable elements (TE) (16, 24, 25). TE are mobile, self-replicating, highly repetitive 

DNA elements that comprise approximately 50% of mammalian genomes(26). TE come 

in two classes with Class I TE consisting of the retrotransposons (endogenous retroviruses 

(ERVs), long interspersed nuclear elements (LINEs), and short interspersed nuclear elements 

(SINEs)) and Class 2 TE comprising DNA transposons(27). Initially thought to be primarily 

junk DNA that have seeded the genome over evolutionarily time, recent studies have found 

that TE have been co-opted in eukaryotic genomes to serve as important regulators of gene 

expression(28, 29). Because of the gene regulatory sequences contained within TEs there 

are mechanisms in place to silence ERVs (and other TE) through DNA methylation or 

H3K9me3 deposition over the TE sequence. Due to ATF7ip’s well-characterized function 

in silencing TE through H3K9me3 deposition, we hypothesized that this pathway may be 

important in CD8+ T cells.

In order to characterize the in vivo function of ATF7ip in CD8+ T cell effector responses 

and in silencing TE, we utilized an Atf7ip conditional mouse line with a variety of models 

of infection. Surprisingly, we found that T cell specific deletion of ATF7ip in mice resulted 

in enhanced clearance of the pathogen Listeria Monocytogenes (LM). Furthermore, CD8+ T 

cell transfer studies and global gene expression studies revealed that there is a CD8+ T cell 

intrinsic increase in T cell memory with increased Il7r expression. Consistent with enhanced 

memory cell formation, T cell specific deletion of Atf7ip resulted in an enhanced memory 

response to LM. Prior studies in CD4+ T cells, showed that ATF7ip is critical for silencing 

Il2 gene expression through H3K9me3 deposition in the Il2-Il21 intergenic region(30). 

Interestingly, we also found that Atf7ip was critical for silencing Il2 expression in CD8+ 

T cells and that deletion of Atf7ip in CD8+ T cells resulted in increased autocrine IL-2 

production which could have implications for both CD8+ effector and memory responses. 

ChIP-seq for H3K9me3 in naïve CD8+ T cells further refined the mechanism of increased 

Il7r and Il2 expression by showing decreased deposition of H3K9me3 at the Il7r and 

Il2 locus. Interestingly, genomic regions of ATF7ip dependent H3K9me3 deposition were 

enriched in transposable elements (TE) indicating that failure to silence TE with Atf7ip-

deletion results in altered gene expression. Thus, we have identified a novel pathway through 

which CD8+ effector and memory responses are modulated with ATF7ip silencing of TE 

required to fine-tune Il7r and Il2 gene expression.

Materials and Methods

Mice-

Atf7ipfl/fl mice were generated as previously described(30). CD4-Cre mice were provided 

by Jeff Bluestone (University of California, San Francisco, San Francisco, CA). P14 mice 

(with transgenic expression of H-2Db–restricted TCR specific for LCMV glycoprotein 

GP33–41) were provided Mehrdad Matloubian (University of California, San Francisco, San 
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Francisco, CA). Mice were maintained in the UCSF specific pathogen–free animal facility 

in accordance with the guidelines established by the Institutional Animal Care and Use 

Committee and Laboratory Animal Resource Center, and all experimental procedures were 

approved by the Laboratory Animal Resource Center at UCSF.

T cell differentiation -

T cells were enriched from spleen and lymph nodes using the MagniSort CD8 negative 

selection kit (Thermo). Naïve CD8+ T cells were isolated by flow cytometry based on the 

markers CD4+CD62L+CD44- and cultured for either 24hrs or 48hrs in a 96well flat bottom 

plate coated with 2 ug/ml anti-CD3(clone 2C11/Tonbo) and 2ug/ml anti-CD28(clone 37.51/

Tonbo). After culture, cells were isolated for either RNA-seq, qPCR, Flow Cytometry, or 

ELISA.

Infections and antibody treatments.—CD4-Cre/Atf7ip+/fl mice and CD4-Cre/

Atf7ipfl/fl mice were infected i.v. with a lethal dose of 2×104 colony forming units (CFU) 

of Listeria monocytogenes (LM) or infected i.p. with 2×105 plaque forming units (PFU) 

LCMV Armstrong strain. To assess for the effect of blocking IL-2, CD4-Cre/Atf7ip+/fl 

mice and CD4-Cre/Atf7ipfl/fl mice were injected i.p. on days −1, 1, and 3 with 150ug of 

IL-2 blocking antibody (clone S4B6, BioXcell) or isotype control (InVivoMAb rat IgG2a 

isotype control,BioXCell) and infected with 2×104 CFU LM on day 0. To analyze the 

memory response, CD4-Cre/Atf7ip+/fl mice and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice were 

first infected with 2×105 PFU LCMV Armstrong strain and then after > 60 days mice 

were reinfected i.v. with 1×106 CFU of LM expressing the LCMV glycoprotein GP33–

41 (LM33). To prepare LM33 for infection, LM33 stocks frozen at −80 C were grown 

overnight at 37 °C in Brain, Heart, Infusion (BHI) broth (Sigma) supplemented with 5 

ug/ml Erythromycin. Overnight cultures were sub-cultured by diluting into fresh BHI broth 

supplemented with 5 ug/ml Erythromycin and grown for approximately 4 hours. Bacteria 

CFU was then quantified by measuring optical density at 600 nm. To determine bacterial 

burden in infected mice, organs (spleen/liver) were homogenized in sterile 0.1% Triton 

X-100 (SIGMA) in dH2O buffer and serial dilutions were plated on BHI agar containing 

5 ug/ml erythromycin and colony forming units (CFU) / organ was calculated. LCMV 

Armstrong and Listeria Monocytogenes (LM) were kindly supplied by Mehrdad Matloubian 

(University of California, San Francisco, San Francisco, CA) and LM33 was supplied 

Shomyseh Sanjabi (University of California, San Francisco, San Francisco, CA).

T cell transfers -

2 × 104 P14+/CD45.1.2/ Atf7ipfl/fl CD8+ T cells or P14+/CD45.1/ Atf7ip+/fl CD8+ T 

cells were individually or co-transferred into CD45.2 C57Bl/6 hosts 1 day prior to LCMV 

infection. Flow cytometry based on CD45 was utilized to distinguish P14+ cells of specific 

genotypes. P14+ cells were analyzed at specific timepoints to characterize memory cell 

formation. To analyze the memory response using transferred P14+ cells two separate 

experiments were performed. First, mice that received single transfers of congenically 

distinct P14+ T cells (2×104 P14+/CD45.1.2/ Atf7ipfl/fl CD8+ T cells or P14+/CD45.1/ 

Atf7ip+/fl CD8+ T cells) were infected with 2×105 PFU LCMV Armstrong strain and then 

after 60 days reinfected with 1×106 CFU of LM33 to analyze the memory response. Second, 
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mice that received a co-transfer of P14+ cells (2×104 P14+/CD45.1.2+/ Atf7ipfl/fl CD8+ T 

cells and P14+/CD45.1+/ Atf7ip+/fl CD8+ T cells) were infected with LCMV Armstrong 

and then after 60 days P14+ cells were sorted based on expression of CD45.1 or CD45.1.2 

and then 3×104 cells of each genotype were transferred IV into naïve B6 mice one day prior 

to infection with 8 × 104 CFU LM33. All transfer experiments were sex matched between 

donors and recipients.

Human CD4 T cell isolation/culture -

Primary human CD4+ T cells for all experiments were sourced from healthy donors 

from leukoreduction chamber residuals after Trima Apheresis (Vitalant) or from freshly 

drawn whole blood under a protocol approved by the UCSF Institutional Review Board 

(IRB no. 13–11950). Peripheral blood mononuclear cells were isolated from samples by 

Lymphoprep centrifugation (StemCell) using SepMate tubes (StemCell). CD4+ T cells were 

isolated from peripheral blood mononuclear cells by magnetic negative selection using the 

EasySep Human CD4+ T Cell Isolation Kit (StemCell). After isolation, CD4+ T cells were 

stimulated with ImmunoCult Human CD3/CD28/CD2 T Cell Activator (StemCell) per the 

manufacturer’s protocol and electroporated after 48 hrs of stimulation. After electroporation, 

cells were cultured for 2 days in RPMI medium supplemented with 10% FBS, 50 μM 

2-mercaptoethanol, 10 μM N-acetyl l-cysteine and 1% penicillin/streptomycin and allowed 

to expand for 7 days prior to replating and restimulation with Immunocult for 24 hours. 

After restimulation, supernatant was collected for ELISA and cells were collected for RNA 

isolation and genomic DNA isolation.

CRISPR -

RNPs for CRISPR were produced by complexing a two-component gRNA to Cas9 as 

previously performed (31). In brief, CRISPR RNAs (crRNAs) and trans-activating crRNAs 

(tracrRNAs), were purchased from IDT. Lyophilized RNA was resuspended in Nuclease-free 

Duplex Buffer (Integrated DNA Technologies) at a concentration of 160 μM, and stored in 

aliquots at −80 °C. crRNA and tracrRNA aliquots were thawed, mixed 1:1 by volume, 

and annealed by incubation at 37 °C for 30 min to form an 80 μM gRNA solution. 

Recombinant Cas9 was stored at 40 μM in 20 mM HEPES-KOH, pH 7.5, 150 mM KCl, 

10% glycerol, 1 mM DTT, were then mixed 1:1 by volume with the 80 μM gRNA (2:1 

gRNA to Cas9 molar ratio) at 37 °C for 15 min to form an RNP at 20 μM. RNPs were 

electroporated immediately after complexing. Human CD4+ T cells were prepared for 

electroporation as follows: human CD4+ T cells were collected from their culture vessels 

and centrifuged for 5 min at 300g, aspirated, and resuspended in the Lonza electroporation 

buffer P3 using 20 μl buffer per 200,000 cells. Two-hundred-thousand human CD4+ 

T cells were electroporated per well using a Lonza 4D 96-well electroporation system 

with pulse code EH115 (human). Immediately after electroporation, 80 μl of prewarmed 

medium was added to each well and the cells were incubated at 37 °C for 15 min. The 

cells were then transferred to a round-bottom 96-well tissue culture plate and cultured 

in 10% RPMI Medium, supplemented with 10% FBS, 50 μM 2-mercaptoethanol, 10uM 

N-acetyl l-cysteine and 1% penicillin/streptomycin with hIL-2 at 300 U ml−1 at 200,000 

cells per well in 200 μl of medium. Guide primer sequences are as follows: sgSCR – 

GCGACTAGTACGCGTAGGTT, sgCXCR4 – TCTTTTACATCTGTGTTAGC, sgATF7ip#1 
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– GAGGCAGCATCACTAGAGGA, sgATF7ip#2 – ACTAGAGGCTATATCATCAG, 

sgATF7ip#3 – GGATGGCTCTGTAGAAGCTG.

Synthego Analysis -

Editing of the DNA was confirmed by Inference of CRISPR Edits (Synthego) analysis 

4–8 days post-electroporation. A total of 5 × 104 cells were resuspended in 30 μl of 

QuickExtract DNA Quick Extraction solution (Epicentre) to lyse the cells and extract 

genomic DNA. The cell lysate was incubated at 65 °C for 15 min, 95 °C for 5 min, 

and then stored at −20 °C until PCR could be performed across the CRISPR–Cas9 target 

sites. Unique genomic primers to amplify across the proposed cut sites were designed 

using the Primer3 online web tool (http://bioinfo.ut.ee/primer3/), chemically synthesized 

(Integrated DNA Technologies), and suspended at 100μM. Each PCR reaction contained 

2 μl 10× High-fidelity PCR buffer (Life Technologies), 3 μl 2 mM dNTPs (Bioline), 

0.8 μl 50 mM MgCl2 (Life Technologies), 0.6 μl 10 μM forward primer, 0.6 μl 10μ M 

reverse primer, 0.2 μl 5 U μl−1 Platinum HIFI Taq (Life Technologies), 1 μl extracted 

DNA, and 11.8 μl H2O. The thermocycler setting consisted of one step at 95 °C for 5 

min, followed by 14 cycles at 94 °C for 20 s, 65 °C for 20 s and 72 °C for 1 min 

(wherein the annealing temperature was decreased by 0.5 °C per cycle), followed by 35 

cycles at 94 °C for 20 s, 58 °C for 20 s and 72 °C for 1 min with one final step at 

72 °C for 10 min. PCR cleanup and capillary sequencing was performed by Sequetech 

(Mountain View, CA). Sequencing traces were analysed with the Synthego webtool 

(https://www.synthego.com/products/bioinformatics/crispr-analysis). Primer sequences 

are as follows: CXCR4 Fwd GTGCCCTTAGCCCACTACTTCA, CXCR4 Rev 

GGCCAACCATGATGTGCTGAAA, ATF7ip Fwd CGTCAGCAACTTGAAGCAGTGT, 

ATF7ip Rev TCATCAGAGGCCAGTTCACCAG.

Mixed Bone Marrow Chimera -

Bone marrow chimeras were generated by lethally irradiating 8-week-old recipient CD45.2 

C57BL/6 mice with 550R gamma radiation for 2–5 minutes. Irradiation was repeated 3 

hours later for a total dose of 1100R. C57BL/6 mice were reconstituted i.v. with equal 

amounts (5×106 cells) of bone marrow isolated from the long bones of CD451.2/CD4-Cre/

Atf7ipfl/fl and CD45.1/CD4-Cre/Atf7ip+/fl mice. Bone marrow chimeras were reconstituted 

for 60 days prior to infection with 2×105 PFU LCMV Armstrong.

Flow cytometry and intracellular staining -

LN and spleen were isolated by dissection from mice and then mashed through a 70 um 

filter. Spleen cells were lysed in ammonium-chloride-potassium lysis buffer to remove red 

blood cells and were subsequently counted and plated in 96-well round bottom plates 

at a concentration of 1–5 × 106 cells per well. Cells were first stained with Ghost Dye 

(Tonbo), followed by blocking in 24G2 before staining with the appropriate antibodies 

for flow cytometry. For intracellular and transcription factor staining, cells were fixed 

overnight in the eBioscience Foxp3/Transcription Factor/Fixation-Concentrate kit (Thermo 

Fisher Scientific). After fixation, cells were permeabilized and stained with the appropriate 

antibodies. For intracellular cytokine staining, cells were stimulated for 4hrs with Brefeldin 
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A (eBioscience) and GP33–41 peptide (1ug/ml). Cells were then fixed and permeabilized 

using the BD cytofix/cytoperm kit before staining with the appropriate antibodies.

Antibodies/tetramers used for flow cytometry were as follows: PE-Cy7-conjugated CD4 

(clone RM4–5; Tonbo), PE-Cy7-conjugated CD62L (clone MEL-14; Tonbo), PE-Cy7-

conjugated CD45 (clone 30-F11; Invitrogen), PE-Cy7-conjugated CD127 (clone A7R34; 

BioLegend), PE-conjugated IL-17A (clone eBio17B7; Invitrogen), PE-conjugated CD62L 

(clone MEL-14; Tonbo), PE-conjugated CD44 (clone IM7; BioLegend), PE-conjugated 

CD8 (clone 53–6.7; Tonbo), PE-conjugated RORγ (Q31–378; BD Biosciences), PE-

conjugated TCF1/TCF7 (clone C63D9; Cell Signaling Technologies), PE-conjugated IL-13 

(clone eBio13A; Invitrogen), PE-conjugated TNFa (clone MP6-X522; Invitrogen), PE-

conjugated CD45.2 (clone 104; BioLegend), FITC-conjugated Thy1.2 (clone 53–2.1; 

BD Biosciences), FITC-conjugated IFNγ (clone xMG1.2; Invitrogen), FITC-conjugated 

Foxp3 (clone FJK-16s; Invitrogen), FITC-conjugated CD44 (clone IM7; BioLegend), FITC-

conjugated CD8 (clone 53–6.7; Tonbo), FITC-conjugated CD19 (1D3; BD Biosciences), 

FITC-conjugated KLRG1 (clone 2F1; Southern Biotech), FITC-conjugated Granzyme B 

(clone QA16A02; BioLegend), A488-conjugated EOMES (clone Dan11mag; Invitrogen), 

allophycocyanin (APC)-conjugated Thy1.1 (clone OX-7; BioLegend), APC-conjugated 

CD25 (clone PC61.5; Tonbo), APC-conjugated CD4 (clone GK1.5; BioLegend), APC-

conjugated IL-2 (clone JES6–5H4; Invitrogen), APC-conjugated CD62L (clone MEL-14; 

Tonbo), APC-conjugated CD45.1 (clone A20; BioLegend), APC-conjugated H-2Db-GP33–

41 tetramer (NIH core facility), Alexa Fluor 647-conjugated Tbet (clone 4B10; BioLegend), 

APCCy7-conjugated CD45.1 (clone A20; BioLegend), PerCP-conjugated CD45 (clone 

30-F11; Invitrogen), PerCPCy5.5-conjugated CD45.2 (clone 104; Tonbo), eFluor 450-

conjugated TCRβ (clone H57–597; Tonbo), PerCP-Cy5.5-conjugated CD4 (clone GK1.5; 

BioLegend), BUV737-conjugated CD8a (clone 53–6.7; BD Biosciences), Ghost Dye 

(Tonbo), cell trace violet (Invitrogen)

ELISA –

Mouse CD8+ or human CD4+ T cells were stimulated for 24 hours in the presence of 

TCR stimulation (2ug anti-CD3) and costimulation (2ug anti-CD28) and supernatant was 

collected. IL-2 ELISA was performed using Ready-Set-Go ELISA Kits (eBioscience).

RNA isolation and qPCR -

RNA was isolated using the RNeasy micro kit (Qiagen). Isolated RNA was reversed 

transcribed using superscript IV reverse transcription (Invitrogen) with OligoDT20 

primers (Invitrogen). qPCR was performed on the Applied Biosystems QuantStudio3 

machine using Quantabio Perfecta qPCR ToughMix Low Rox. All reactions were 

normalized to Actin (ActB), and fold induction was calculated using the ddCT method. 

All primer-probes were purchased from ABI: Il7r (FAM-MGB) Mm00434295_m1, 

Eomes (FAM-MGB) Mm01351985_m1, Sell (FAM-MGB) Mm00441291_m1, Atf7ip 
(FAM-MGB) Mm00479827_m1, ActB (FAM-MGB) Mm00607939_s1, IL2 (FAM-MGB) 

Hs00174114_m1, and GAPDH (FAM-MGB) HS03929097. LCMV viral load was 

quantitated using qPCR as performed by (32). Briefly, 5mg of Liver or Spleen was 

homogenized in Trizol prior to total RNA isolation. cDNA synthesis was performed 
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with superscript IV reverse transcriptase (Invitrogen) using LCMV specific primers. 

qPCR was performed with SYBR green (Applied Biosystems) using the following 

LCMV specific primers to the GP gene: GP-R (GCAACTGCTGT-GTTCCCGAAAC) 

and GP-F (CATTCACCTGGACTTTGTCA-GACTC). Repeat elements were quantified 

as described previously using major satellite DNA repeats and LINE primers (33). 

Total RNA was extracted as above, and cDNA was made using random hexamers and 

oligo dT in 1:4 ratio as recommended by the manufacturer (Verso cDNA synthesis 

kit, ThermoFisher). Repeats were then quantified using SYBR green PCR master 

mix (Applied Bioscience) on the Applied Biosystems QuantStudio3 machine. Primers 

for major repeats, Forward primer: 5’ – GACGACTTGAAAAATGACGAAATC-3’, 

Reverse primer: 5’-CATATTCCAGGTCCTTCAGTGTGC-3’. Primers for LINE elements, 

Forward primer: 5’- TTTGGGACACAATGAAAGCA-3’, Reverse primer: 5’ – 

CTGCCGTCTACTCCTCTTGG-3’

RNA-seq -

Total RNA was extracted using Trizol and purified using a Qiagen microcolumn. Illumina 

libraries were generated from total RNA using the Illumina TruSeq Library Prep Kit 

and sequenced on the Illumina HiSeq 4000 to a depth of ≥20 million reads. Sequence 

alignment was performed using STAR (version 2.7.9a; (34)). Mappings were restricted 

to those that were uniquely assigned to the mouse genome, and unique read alignments 

were used to quantify expression and aggregated on a per-gene basis using the Ensembl 

(GRCm39) annotation. Differentially expressed genes between experimental groups were 

then determined using DESeq2 (V4.0.3; (35)). Retroelement expression was analyzed using 

TEtranscripts (36). Alignment was performed with recommended specifications for repeat 

regions using STAR (version 2.7.9a; (34)). The bam files thus generated were used for 

TE-transcript version 2.0.3 along with mouse specific TE GTF files. Differentially expressed 

repeats were determined using DEseq2 as above.

ChIP -

ChIP was performed by Active Motif. Primary naive T cells were fixed with 1% 

formaldehyde for 15 min and quenched with 0.125 M glycine. Chromatin was isolated 

by the addition of lysis buffer, followed by disruption with a Dounce homogenizer. Lysates 

were sonicated, and the DNA was sheared to an average length of 300–500 bp. Genomic 

DNA (input) was prepared by treating aliquots of chromatin with RNase, proteinase K, and 

heat for de-cross-linking, followed by ethanol precipitation. Pellets were resuspended, and 

the resulting DNA was quantified on a NanoDrop spectrophotometer. Extrapolation to the 

original chromatin volume allowed quantitation of the total chromatin yield. An aliquot of 

chromatin (15 μg) was precleared with protein A agarose beads (Invitrogen). Genomic DNA 

regions of interest were isolated using 5 μg of antibody against H3K9me3 (Active Motif). 

Complexes were washed, eluted from the beads with SDS buffer, and subjected to RNase 

and proteinase K treatment. Cross-links were reversed by incubation overnight at 65°C, 

and ChIP DNA was purified by phenol-chloroform extraction and ethanol precipitation. 

The quality of ChIP-isolated DNA was tested by qPCR. qPCR reactions were performed in 

triplicate on specific genomic regions using SYBR Green Supermix (Applied Biosystems). 
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The resulting signals were normalized for primer efficiency by carrying out qPCR for each 

primer pair using input DNA.

ChIP-seq -

ChIP-seq and subsequent data analysis was performed by Active Motif. Illumina sequencing 

libraries were prepared from the ChIP and input DNAs by the standard consecutive 

enzymatic steps of end-polishing, dA-addition, and adaptor ligation. After a final PCR 

amplification step, the resulting DNA libraries were quantified and sequenced on Illumina’s 

NextSeq 500 (75-nt reads, single end). Reads were aligned to the mouse genome (mm10) 

using the Burrows-Wheeler Aligner algorithm (default settings(37)). Duplicate reads were 

removed, and only uniquely mapped reads (mapping quality ≥25) were used for further 

analysis. Alignments were extended in silico at their 3′ ends to a length of 200 bp, which 

is the average genomic fragment length in the size-selected library, and assigned to 32-nt 

bins along the genome. The resulting histograms (genomic “signal maps”) were stored in 

bigWig files. H3K9me3-enriched regions were identified using the Spatial Clustering for 

Identification of ChIP-Enriched Regions algorithm (spatial clustering for identification of 

ChIP-enriched regions; (38)) at a cutoff of FDR 1 × 10−10 and a max gap parameter of 

600 bp. Peaks that were on the ENCODE (Encyclopedia of DNA Elements) blacklist of 

known false ChIP-seq peaks were removed. Signal maps and peak locations were used as 

input data to the Active Motifs proprietary analysis program, which creates Excel tables 

containing detailed information on sample comparison, peak metrics, peak locations, and 

gene annotations.

Western blot -

Extracts for Western blotting were isolated as previously performed (16). Five million 

CD8+ T cells were lysed in cytoplasmic buffer containing 10 mM Hepes, 1.5 mM MgCl2, 

10 mM KCl, 0.5 mM dithiothreitol, EDTA-free protease inhibitor cocktail, and 0.1% 

IGEPAL. The nuclear pellet was isolated by centrifugation at 1,500 rpm for 5 min. The 

total nuclear extract was isolated by incubation of the nuclear pellet with 1% SDS and 

1:100 benzonase. The nuclear extract was heated in sample buffer containing SDS for 10 

min at 70°C before separation with SDS-PAGE and transfer to a polyvinylidene fluoride 

membrane. The membrane was then blocked with 5% milk in TBST (Tris-buffered saline 

and Tween 20) followed by overnight incubation with the primary antibody. The membrane 

was washed 4× for 5 min in Tris-buffered saline and Tween 20 before incubation in HRP-

conjugated secondary antibody. The membrane was visualized with ECL reagent (Thermo 

Fisher Scientific). Antibodies used for Western blot were as follows: anti-MACF1 (ab84497; 

Abcam); Anti-LaminB1, Nuclear Loading Control (ab65986; Abcam); peroxidase affinipure 

goat anti-rabbit IgG (H+L; 111-035-144; Jackson ImmunoResearch).

ChIP qPCR -

7 × 106 naive T cells were used for each ChIP reaction following the protocol from the 

Diagenode LowCell# Chip Kit protein G. Briefly, cells were lysed and then sonicated for 

5 min using a Covaris s220 sonicator. ChIP was performed using an H3K9me3 antibody 

from Abcam (ab8898) and an irrelevant IgG control (Diagenode C15410206). qPCR was 

performed using SYBR green (Applied Biosystems) with the following primer pairs: Il2/
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Il21: forward, 5′-GGGGCAGTAACTTCGACTTG-3′, and reverse, 5′-AGTCGAGCTGAG

ATGTGGAA-3′; and Il7r: forward, 5′- GGCCAGCATTTGTGTTCTCT-3′, and reverse, 5′- 
TTATACCAGCTTTCCCGCCA-3′. The primer concentration per 25-μl qPCR reaction was 

200 nM. 5 μl of ChIP-isolated DNA was used per reaction. Relative Ct values obtained were 

normalized against the total input to obtain the percentage of amplified ChIP DNA per input.

Statistical analysis -

All experiments were performed using randomly assigned mice without investigator 

blinding. No data were excluded. Statistical significance between two groups was calculated 

using an unpaired, parametric, two-tailed Student’s t test or the nonparametric Mann–

Whitney test. Experimental groups included a minimum of three biological replicates. 

Intragroup variation was not assessed. All statistical analysis was performed using Prism 7 

(GraphPad Software). Figures display means ± SD unless noted otherwise. A P value <0.05 

was considered statistically significant. No statistical methods were used to predetermine 

sample size.

Results:

Deletion of ATF7ip in T cells enhances CD8+ T cell effector function

We hypothesized that ATF7ip may have a function in CD8+ T cells secondary to the 

significant expression of Atf7ip mRNA in CD8+ T cells in public RNA expression databases 

(Immgen) (Fig. 1A). Within CD8+ T cell subsets, Atf7ip was highly expressed in naïve 

T cells (CD62L+CD44-) with lower expression in central memory (CM) (CD62L+CD44+) 

and in effector-memory CD8+ T cells (EM) (CD62L-CD44+) (Fig. 1B). Prior work in CD4+ 

T cells showed decreased Atf7ip expression with CD4+ T cell stimulation(30). Activation of 

the T cell receptor (TCR) of naïve CD8+ T cells (CD62L+CD44-) with anti-CD3 antibodies 

in combination with co-stimulation of the CD28 co-receptor for the TCR caused a decrease 

in Atf7ip mRNA expression (Fig. 1C), suggesting that, similar to CD4+ T cells(30), the 

release of negatively regulated targets of ATF7ip may be important in CD8+ T cell activation 

and action. Moreover, Atf7ip mRNA levels decreased within effector CD8+ T cells after 

LCMV infection further suggesting that CD8+ T cell activation by a pathogen decreased 

Atf7ip expression. (Fig. 1A).

To interrogate the potential in vivo function of ATF7ip in CD8+ T cells, a conditional 

deletion allele of mouse Atf7ip was utilized that contained a targeting construct surrounding 

exon 2 of Atf7ip with loxP Cre-recombination sites (Atf7ipfl/fl mice)(30). In the presence 

of Cre-recombinase, loxP-directed recombination will result in the deletion of exon 2 and 

removal of the start codon and an out-of-frame mRNA transcript containing a premature 

stop codon. To examine the function of ATF7ip in T cells, Atf7ipfl/fl mice were crossed 

to transgenic mice expressing Cre recombinase from the CD4 promoter (CD4-Cre). 

Because the CD4-cre transgene is expressed at the double-positive stage of thymic T cell 

development it will delete ATF7ip in both CD4+ and CD8+ T cells. Quantitative polymerase 

chain reaction (qPCR) using primers specific for exon 2 of Atf7ip confirmed the deletion of 

Atf7ip mRNA in CD8+ T cells (Supplemental Fig. 1A) and western blot confirmed deletion 

of ATF7ip protein (Supplemental Fig. 1B). Extensive immune profiling in both CD4-Cre/
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Atf7ip+/fl T cells and CD4-Cre/Atf7ipfl/fl T cells indicated no differences in steady-state 

lymph node (Supplemental Fig.1C)/spleen (data not shown) naïve, CM, or EM T cells.

To assess the effect of T cell specific deletion of Atf7ip on CD8+ T cell effector function, 

we infected cohorts of CD4-Cre/Atf7ip+/fl mice and CD4-Cre/Atf7ipfl/fl mice with either 

Listeria Monocytogenes (LM) or lymphocytic choriomeningitis (LCMV) Armstrong strain 

and monitored bacterial and viral load, respectively. Both of these infections are known 

to stimulate a robust CD8+ T cell response(39). Notably, CD4-Cre/Atf7ipfl/fl mice had 

significantly decreased bacterial burden after lethal LM infections (Fig. 1D) and reduced 

LCMV viral load by quantitative PCR (qPCR) (32)(Supplemental Fig.1D). In the lethal 

LM infection, CD4-Cre/Atf7ip+/fl mice were euthanized at day 6 secondary to weight loss 

and poor appearance (Fig. 1D) while CD4-Cre/Atf7ipfl/fl mice lost minimal weight and 

appeared healthy suggesting that they were better able to clear the LM infection. To better 

characterize the cellular phenotype of CD8+ T from CD4-Cre/Atf7ip+/fl mice and CD4-Cre/

Atf7ipfl/fl mice, we infected cohorts of mice with LCMV and monitored virus specific T 

cells using an H2Db MHC Class I tetramer containing the GP33–41 epitope of LCMV. We 

did not find a difference in the percentage or absolute number of GP33 specific CD8+ T 

cells nor did we find a difference in effector cytokine production (Supplemental Fig.1E 

and 1F). We did appreciate a skewing toward a CD8+ memory precursor phenotype in the 

spleen (Supplemental Fig.1G) in CD4-Cre/Atf7ipfl/fl mice as evidenced by increased IL7r 

expression (CD127).

To determine if there were global changes in gene expression in Atf7ip-deficient CD8+ 

T cells that could contribute to their increased effector function, we performed RNA-Seq. 

LCMV specific CD8+ T cells were isolated by flow cytometry from LCMV infected CD4-

Cre/Atf7ip+/fl and CD4-Cre/Atf7ipfl/fl mice and tetramer positive cells sent for RNA-seq 

analysis. There were a large number of differently expressed genes within CD8+ T cells 

with 1007 genes upregulated in CD4-Cre/Atf7ipfl/fl CD8+ T cells (FDR<0.01, log2fold 

>0.75) and 607 upregulated genes in CD4-Cre/Atf7ip+/fl CD8+ T cells (FDR<0.01, log2fold 

>0.75) (Fig. 1E). As expected, there were more genes upregulated in Atf7ipfl/fl CD8+ T 

cells consistent with deletion of a repressive histone mark. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis revealed that the top pathways of upregulated genes in 

Atf7ipfl/fl CD8+ T cells involved DNA replication and metabolism while the modules 

of upregulated genes in Atf7ip+/fl CD8+ T cells were associated with T cell signaling 

(Supplemental Fig.1H). Based on the KEGG analysis, Atf7ipfl/fl CD8+ T cells appear to be 

metabolically active. Moreover, Atf7ipfl/fl CD8+ T cells were transcribing significantly more 

CD8+ T cell effector molecules such as granzymes (Gzmb, Gzmk, Gzmm). Consistent with 

our flow data (Supplemental Fig.1G), Atf7ipfl/fl CD8+ T cells had increased Il7r expression 

although it did not meet the FDR 0.01 significance cutoff (data not shown). Altogether, the 

RNA-seq data are consistent with Atf7ipfl/fl CD8+ T cells appearing highly activated with 

increased IL7r expression.

Our data shows that CD8+ T cells are more activated in CD4-Cre/Atf7ipfl/fl mice after 

infection and that these mice are more resistant to primary infections with both LM and 

LCMV. We next sought to determine if CD4-Cre/Atf7ipfl/fl mice had altered memory 

responses. To test the role of ATF7ip in the memory response, we performed a primary 

Sin et al. Page 11

J Immunol. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infection of CD4-Cre/Atf7ip+/fl mice and CD4-Cre/Atf7ipfl/fl mice with LCMV and then a 

secondary infection (> 60 days later) with a strain of LM that expresses the LCMV H2Db 

restricted GP33–41 epitope (LM33) (Fig. 1F). This experimental system has been widely used 

to evaluate CD8+ memory responses(13). Notably, CD4-Cre/Atf7ipfl/fl mice have improved 

memory responses and similar to primary infections with LCMV, activated Atf7ipfl/fl CD8+ 

memory T cells produce increased granzyme B (Fig. 1G) without changes in the number 

of GP33-specific CD8+ T cells, or effector cytokine production (Supplemental Fig.1I). As 

granzyme B is a critical cytotoxic molecule for clearance of infectious organisms, increased 

levels could explain the heightened primary and secondary responses in CD4-Cre/Atf7ipfl/fl 

mice.

One caveat to these studies showing increased effector function in CD4-Cre/Atf7ipfl/fl mice, 

is that deletion of Atf7ip is not CD8+ T cell intrinsic as both CD4+ and CD8+ T cells 

will have deletion of Atf7ip. As CD4+ T cells can provide help to CD8+ T cell function, 

deletion of Atf7ip in CD4+ T cells may contribute to increased CD8+ T cell effector 

function. Our previous work has shown that deletion of Atf7ip in CD4+ T cells results in 

enhanced IL-2 production with TCR stimulation. IL-2 has previously been shown to enhance 

CD8+ T cell effector function and granzyme production(40–43); thus IL-2 from CD4+ T 

cells may be the cause of enhanced clearance of infections. To determine if increased IL-2 

contributes to enhanced effector function, we infected mice with a lethal dose of LM-33 in 

the presence of blocking antibodies to IL-2 (S4B6) or isotype control. As expected, isotype 

treated CD4-Cre/Atf7ipfl/fl mice had reduced bacterial load compared to isotype treated 

CD4-Cre/Atf7ip+/fl mice (Fig. 1H). Remarkably, treatment with S4B6 completely blocked 

the reduced bacterial load seen in CD4-Cre/Atf7ipfl/fl mice and these mice had a similar 

bacterial burden as CD4-Cre/Atf7ip+/fl mice treated with S4B6. In addition, S4B6 treated 

mice had enhanced weight loss and the experiment had to be stopped at day 5 secondary to 

the poor appearance of S4B6 treated mice. As expected, GP33+CD8+ T cells from isotype 

treated CD4-Cre/Atf7ipfl/fl mice showed enhanced granzyme B production compared to 

GP33+ CD8+ T cells from isotype treated CD4-Cre/Atf7ip+/fl mice (Fig. 1I). The difference 

in granzyme B production was abolished with S4B6 treatment suggesting that enhanced 

IL-2 production in T cells with Atf7ip-deletion is responsible for increased granzyme B 

production. These results indicate that increased IL-2 production from T cells is the cause of 

enhanced protection in CD4-Cre/Atf7ipfl/fl mice from lethal LM infection.

Deletion of ATF7ip results in a T cell intrinsic enhancement of IL7r expression and CD8+ T 
cell memory

Deletion of Atf7ip in T cells results in enhanced effector function and the enhanced effector 

function may be due to both CD8+ T cell intrinsic effects as well as trans effects from 

increased IL-2 production in CD4+ T cells. We first assessed if Atf7ip-deletion in CD8+ T 

cells resulted in cell-intrinsic defects in proliferation by labeling naïve CD8+ T cells with 

cell-trace violet (CTV) and then activating them in vitro with anti-CD3 and anti-CD28 for 

24 and 48 hours. CTV experiments revealed similar in vitro proliferation of naïve CD8+ T 

cells from CD4-Cre/Atf7ip+/fl and CD4-Cre/Atf7ipfl/fl mice at 24hrs with a modest increase 

in proliferation at 48hrs (Supplemental Fig. 2A). In order to gain insight into CD8+ T 

cell intrinsic alterations in gene regulation, global gene expression analysis was performed 
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on naive CD8+ T cells and naïve CD8+ T cells activated in vitro with anti-CD3 and anti-

CD28 for 24 hours. Principal component analysis (PCA) yielded clustering of the samples 

(Supplemental Fig.2B). A previous study of ATF7ip deletion in HeLa cells and our studies 

of Atf7ip-deletion in CD4+ T cells implicated ATF7ip in silencing ZFPs (16). In line with 

these studies, Atf7ip-deletion in naïve CD8+ T cells resulted in the overexpression of several 

ZFPs such as Zfp53. (Fig. 2A). Interestingly, at 24 hours of CD3/CD28 stimulation Atf7ip-

deletion in CD8+ T cells resulted in increased mRNA expression of markers of CD8+ T 

cell memory such as Il7r, Eomes, and Sell (Fig. 2A). Il7r has previously been shown to 

mark CD8+ memory cells and in an acute infection Il7r positive cells will populate the 

CD8+ memory population that will serve as the reservoir to guard against repeat infection 

with the same microorganism(5). Eomes is a transcriptional factor that is critical for CD8+ 

memory formation(7). Thus, increased expression of both Il7r and Eomes suggested that 

Atf7ip-deletion in CD8+ T cells may enhance their memory potential. We confirmed the 

transcriptional changes seen in the RNA-seq data by performing qPCR for Il7r, Eomes, and 

Sell on naïve CD8+ T cells from CD4-Cre/Atf7ip+/fl mice and CD4-Cre/Atf7ipfl/fl mice after 

CD3/CD28 stimulation for 24 and 48hrs (Fig. 2B and 2C). RNA-seq data showing increased 

Il7r expression is consistent with our data showing increased Il7r expression on CD8+ T 

cells from CD4-Cre/Atf7ipfl/fl after LCMV infection (Supplemental Fig.1G).

We next sought to determine if these transcriptional changes also correlated with CD8+ T 

cell intrinsic altered protein production. To determine if the phenotypic changes observed 

in Atf7ip-deficient CD8+ T cells occur in a cell- intrinsic manner, we utilized the CD8+ 

P14 TCR transgenic mouse line that recognizes the GP33 epitope of LCMV. We crossed 

P14 transgenic mice to CD4-Cre/Atf7ipfl/fl mice and co-transferred equal numbers of P14+/

CD45.1/Atf7ip+/fl CD8+ T cells and P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells into CD45.2 

C57Bl/6 hosts prior to LCMV infection (Fig. 2D). We followed the transfer experiment 

over time and analyzed splenocytes at day 8, day 15, and day 60. The day 8 timepoint 

was chosen as it is the peak of terminal effector formation after LCMV infection and by 

day 60 the majority of P14+ cells should be memory cells. Day 15 was chosen as an 

intermediate timepoint. Notably, P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells have increased 

expression of the IL7r (CD127) at day 8, day 15, and day 60 and decreased expression 

of KLRG1 indicating a cell-intrinsic effect on CD8+ memory formation (Fig. 2E and 2F). 

To further probe if Atf7ip-deletion in CD8+ T cells results in increased Il7r expression, 

we performed mixed bone-marrow (BM) chimera studies by isolating bone marrow from 

CD4-Cre/Atf7ip+/fl mice and CD4-Cre/Atf7ipfl/fl mice with distinct congenic markers and 

transplanting the marrow into lethally irradiated B6 hosts. Mixed BM chimera studies 

showed an increase in Il7r expression with Atf7ip-deletion in CD8+ T cells after LCMV 

infection (Supplemental Fig. 2C).

While Atf7ip-deletion in CD8+ T cells results in a cell-intrinsic increase in IL7r expression, 

we next wanted to confirm that these cells displayed characteristics of CD8+ T cell 

memory. A significant amount of work has characterized the transcription factors associated 

with terminal effector and memory precursor formation. The transcription factor TCF-1 

has been shown to have increased expression CD8+ memory cells and to be required 

for their induction and maintenance. Deletion of TCF-1 results in an attenuated memory 

response to infection and TCF-1 acts by inducing the memory associated transcription factor 
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Eomes(8). Whereas TCF-1 is critical for CD8+ memory, TBET is required for terminal 

effector formation and the clearance of pathogens during an infection(6). We analyzed 

TCF-1 and TBET expression at day 60 of the P14 transfer experiment and found that P14+/

CD45.1.2/Atf7ipfl/fl CD8+ T cells had significantly more TCF-1 expression and reduced 

TBET expression when compared P14+/CD45.1/Atf7ip+/fl CD8+ T cells (Fig. 2G and 2H). 

Enhanced TCF-1 expression is consistent with increased Il7r expression and suggests that 

Atf7ip-deletion in CD8+ T cells results in increased numbers of transcriptionally active 

memory cells.

To further characterize cell-intrinsic changes in CD8+ T cells with Atf7ip-deletion, we 

measured intracellular cytokine levels in P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells and P14+/

CD45.1/Atf7ip+/fl CD8+ T cells isolated at early and late time points. At Day 8 we did 

not appreciate a difference in IL-2, IFNγ, or TNFα after in vitro stimulation with GP33 

peptide (Supplemental Fig.2D). Similarly, mixed BM chimera studies did not show altered 

cytokine production at day 8 (data not shown). Consistent with prior studies showing CD8+ 

memory cells produce increased IL-2 after stimulation(44), both P14+/CD45.1.2/Atf7ipfl/fl 

CD8+ T cells and P14+/CD45.1/Atf7ip+/fl CD8+ T cells had an increased percentage of 

IL-2 producing cells at day 60 when compared to day 8 (Fig. 2I, Supplemental Fig.2D). 

Interestingly, P14+/CD45.1.2/Atf7ipfl/fl CD8+ T had a higher percentage of IL-2/IFNγ+ 

producing cells compared to P14+/CD45.1/Atf7ip+/fl CD8+ T cells. This result suggests 

that IL-2 may be dysregulated in CD8+ T cells similar to CD4+ cells with deletion of 

Atf7ip resulting in enhanced production of this cytokine in both CD4+ and CD8+ T 

cells. The function of autocrine IL-2 in CD8+ T cells is controversial as CD4+ T cells 

produce much higher levels with activation and are thought to be the primary source 

of IL-2 during an infection. Recent studies have shown that CD8+ autocrine IL-2 is 

important for CD8+ memory responses with Il2-deficient CD8+ memory cells showing 

reduced proliferative capacity after repeat infection and reduced memory formation(45–

47). Because Atf7ip-deletion results in increased numbers of memory cells that produce 

increased IL-2, we hypothesized that Atf7ipfl/fl CD8+ T cells may have a CD8+ T cell 

intrinsic enhancement of the memory response. To address this question, we performed the 

following two experiments. First, we transferred P14+/CD45.1/Atf7ip+/fl CD8+ T cells and 

P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells into individual mice and then utilized a similar 

experimental set-up as performed in Figure 1F with a primary LCMV infection followed 

by a secondary infection with LM33 (Supplemental Fig.2E). Second, we co-transferred both 

P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells and P14+/CD45.1/Atf7ip+/fl CD8+ T cells into B6 

hosts, infected the mice with LCMV and waited > 60 days prior to flow sorting T cells 

based on congenic markers CD45.1/CD45.1.2. Equal numbers of either CD45.1 or CD451.2 

memory T cells were then injected IV into individual naïve B6 hosts prior to infection with 

LM-33 (Supplemental Fig.2F). In either experimental set-up, transfer of P14+/CD45.1.2/

Atf7ipfl/fl CD8+ T cells lead to an augmented memory response as shown by reduced LM 

found in both the liver and spleen (Fig. 2J and 2K). Moreover, Atf7ip-deletion resulted in 

increased clonal expansion or survival of memory cells as evidenced by increased abundance 

of P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells. This may be consistent with increased autocrine 

IL-2 driving augmented expansion or survival. These results indicate that Atf7ip-deletion 

results in a CD8+ T cell intrinsic enhancement of the memory response which could be due 
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to both increased numbers of memory cells and enhanced function through increased IL-2 

production.

ATF7ip is required for H3K9me3 deposition at the Il7r locus and Il2 locus in CD8+ T cells

We next turned to the mechanism by which ATF7ip regulates CD8+ T cell memory. As 

outlined earlier, the most well characterized function of ATF7ip is to help promote the 

generation of the repressive H3K9me3 histone mark in chromatin. Prior work has shown that 

in naïve CD4+ T cells ATF7ip silences Il2 gene expression through deposition of H3K9me3 

in the Il2-Il21 intergenic region. Thus, deletion of Atf7ip results in less repression of the 

Il2 locus and increased IL-2 production with TCR stimulation in CD4+ T cells(30). We 

hypothesized that similar mechanisms would act in naïve CD8+ T cells so we performed 

ChIP-seq on naïve CD8+ T cells using an antibody directed to the H3K9me3 mark. 

H3K9me3 ChIP-seq was performed in duplicate on naïve CD8+ T cells from both CD4-Cre/

Atf7ip+/fl mice (Atf7ip+/fl naïve CD8+ T cells) and CD4-Cre/Atf7ipfl/fl mice (Atf7ipfl/fl 

naïve CD8+ T cells) and yielded approximately 52,020 H3K9me3 active sites in both 

genotypes. Peak size boxplots were created for each of the ChIP-seq samples and showed 

similar tag numbers indicating that there was not a profound reduction of H3K9me3 with 

Atf7ip-deletion in naïve CD8+ T cells (Fig. 3A). Moreover, there was a high correlation in 

tag numbers between samples (Supplemental Fig.3A).

Although there was not a difference in H3K9me3, hierarchical clustering showed that the 

samples clustered by genotype (Fig. 3B). Interestingly, there were 251 sites with a two-fold 

increase in H3K9me3 deposition in Atf7ip+/fl naïve CD8+ T cells compared to Atf7ipfl/fl 

naïve CD8+ T cells while there were only 38 sites with a twofold increase in Atf7ipfl/fl 

naïve CD8+ T cells (Fig. 3C). These results support a role for ATF7ip in promoting the 

formation of the H3K9me3 mark at specific genomic locations in naïve CD8+ T cells. 

Consistent with prior work in HeLa cells, a large number of zinc finger genes had a 

significant decrease in H3K9me3 in Atf7ipfl/fl naïve CD8+ T cells relative to Atf7ip+/fl 

naïve CD8+ T cells (Fig. 3C). Moreover, there were two sites of H3K9me3 deposition of 

approximately 3,399bp and 2,999bp and on chromosome 15 with a two-fold decrease of 

H3K9me3. These sites are downstream of the Il7r gene and ChIP-seq tracings showed a 

reduction of the H3K9me3 histone mark in this region (Fig. 3D) and H3K9me3 ChIP qPCR 

confirmed that there was less H3K9me3 downstream of the Il7r gene in Atf7ipfl/fl naïve 

CD8+ T cells (Fig. 3E). Decreased H3K9me3 at the Il7r locus in Atf7ipfl/fl naïve CD8+ T 

cells may result in less repression of the Il7r locus and increased Il7r expression in Atf7ipfl/fl 

naïve CD8+ T cells after stimulation as well as increased Il7r expression with LCMV 

infection. Thus, aberrant Il7r expression may explain the increased number of memory cells 

in Atf7ipfl/fl CD8+ T cells after infection. In addition to decreased H3K9me3 at the Il7r 
locus, there were multiple other immune effector genes with reduced H3K9me3 deposition 

in Atf7ipfl/fl naïve CD8+ T cells such as Zap70 and Runx3 (Fig. 3F and 3G). Zap-70 is 

required for effective T cell activation after TCR stimulation and Runx3 has been shown to 

have multiple functions in CD8+ T cells including effector molecule production, memory 

precursor formation, tissue-resident memory formation, and the suppression of aberrant T 

follicular helper cell responses (TfH)(48–52). While there is reduced H3K9me3 at Runx3 
and Zap70, we have been unable to document changes in gene or protein expression of these 
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molecules and further studies are underway evaluating the role of dysregulated Runx3 and 

Zap70 in Atf7ipfl/fl naïve CD8+ T cells.

H3K9me3 ChIP-seq data in Atf7ipfl/fl naïve CD8+ T cells revealed a significant reduction of 

H3K9me3 at the Il7r locus which could explain increased Il7r expression. CD8+ T memory 

cells also show increased IL-2 expression (Fig. 2I) with Atf7ip-deletion so we hypothesized 

that H3K9me3 would also be reduced in Atf7ipfl/fl naïve CD8+ T cells similar to Atf7ipfl/fl 

naïve CD4+ T cells. Notably, analysis of ChIP-seq tracings in the Il2-Il21 intergenic region 

of Atf7ipfl/fl naïve CD8+ T cells showed decreased H3K9me3 deposition (Fig. 4A). This 

site was not decreased by greater than two-fold as we reported with Atf7ip-deletion in 

naïve CD4+ T cells(30), however, ChIP-seq tracings in naïve CD8+ T cells show a clear 

decrease in H3K9me3. This data suggested that Atf7ipfl/fl naïve CD8+ T cells, similar 

to Atf7ipfl/fl naïve CD4+ T cells, were similarly pre-primed to produce increased IL-2. 

ChIP-qPCR confirmed a reduction of H3K9me3 at the Il2 locus in Atf7ipfl/fl naïve CD8+ T 

cells (Fig. 4B). Moreover, stimulation of Atf7ipfl/fl naïve CD8+ T cells with anti-CD3 and 

anti-CD28 resulted in increased IL-2 secretion compared to Atf7ip+/fl naïve T cells (Fig. 

4C). Consistent with prior studies, the magnitude of IL-2 produced by CD8+ T cells was 

significantly less than CD4+(53). Altogether, our data support a role for ATF7ip regulating 

H3K9me3 deposition at the Il2 locus.

The finding that ATF7ip controlled H3K9me3 deposition at the Il2 locus in CD4+ and 

CD8+ T cells suggested that there may be other shared loci that are targets for H3K9me3 

deposition by ATF7ip. Indeed, further analysis of our ChIP-seq data from naïve CD4+ and 

naïve CD8+ T cells, revealed that there is substantial overlap in genomic sites targeted for 

H3K9me3 deposition by ATF7ip in CD4+ and CD8+ T cells with approximately 1/3 of the 

sites shared in naïve CD8+ T cells and naive CD4+ T cells (Fig. 4D). Consistent with the 

overlap, ChIP-seq tracings show similar decreases in H3K9me3 in Atf7ipfl/fl naïve CD4+ 

T cells and Atf7ipfl/fl naïve CD8+ T cells at the Il7r locus, Zap70 locus, and Runx3 locus 

(Fig. 4E, Supplemental Fig.3B and 3C). Furthermore, there were multiple ZFPs that showed 

decreased H3K9me3 in Atf7ipfl/fl naïve CD4+ T cells and Atf7ipfl/fl naïve CD8+ T cells 

(Fig. 4F). Collectively, the significant overlap in sites of H3K9me3 deposition regulated by 

ATF7ip suggested a shared mechanism of action for ATF7ip in both CD4+ and CD8+ T 

cells.

ATF7ip targets transposable elements for H3K9me3 deposition

To further explore why ATF7ip is driving H3K9me3 deposition at specific sites in CD4+ 

and CD8+ T cells, we examined the underlying nucleotide sequences at the genomic 

locations of ATF7ip dependent H3K9me3 deposition. Analysis of the 1199 bp sequence 

of H3K9me3 (green box Fig. 4A) within the Il2/Il21 intergenic region revealed that 

approximately 82% of the sequence consisted of transposable elements (TE) as shown by 

Repeatmasker (http://www.repeatmasker.org) (Fig. 5A). Similarly, analysis of the regions 

of the ATF7ip dependent H3K9me3 deposition in the Il7r locus showed that the region 

contained approximately 94% TE (Supplemental Fig.3D). Global analysis of the genomic 

locations of ATF7ip H3K9me3 deposition revealed that they are enriched in TE in both 

CD4+ and CD8+ T cells with 96.4% of the ATF7ip dependent sites enriched in TE in 
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CD4+ T cells and 98% of the sites enriched in CD8+ T cells (Fig. 5B and 5C). Moreover, 

sites of ATF7ip-dependent H3K9me3 deposition largely consisted of Class I retroelements 

(Supplemental Fig.3E). These data argue that ATF7ip is targeting TE in CD4+ and CD8+ T 

cells for H3K9me3 deposition.

Consistent with ATF7ip’s function in silencing TE, analysis of our RNA-seq data in CD8+ 

T cells shows increased expression of TE with deletion of Atf7ip using the TE transcripts 

algorithm, an algorithm that allows the analysis of highly repetitive TE that are often 

discarded during traditional RNA-seq analysis(36) (Fig. 5D–5F). Deletion of Atf7ip resulted 

in increased expression of TE in naïve CD8+ T cells and with CD8+ T cell activation in 
vitro or with LCMV. The TE that had the highest expression were Class I TE consisting 

mostly of ERV and LINE elements. We have previously performed RNA-seq on CD4+ 

T cells from CD4-Cre/Atf7ipfl/fl mice(30). Both naïve Atf7ipfl/fl CD4 T cells and naïve 

CD4+ T cells stimulated for 24hrs using in vitro Th17 inducing conditions showed increased 

TE expression (Fig. 5G and 5H). Notably, the ERV found in the Il7r locus (IAPEz-int) 

increased with cell stimulation suggesting de-repression of this loci with Atf7ip deletion. 

To confirm the RNA-seq results, we performed qPCR for TE elements and confirmed that 

TE expression was increased in CD8+ T cells (Fig. 5I). Altogether, our data shows that 

ATF7ip-dependent H3K9me3 deposition primarily targets TE in CD4+ and CD8+ T cells 

and that failure to silence these elements results in the aberrant expression of both TE and 

genes adjacent to TE such as Il2 and Il7r.

Our data shows that ATF7ip is critical for silencing TE and inhibiting Il2 gene expression 

in murine CD4+ and CD8+ T cells. We hypothesized that ATF7ip would similarly 

regulate IL-2 production in CD4+ and CD8+ T cells in other species. In order to test 

this hypothesis, we utilized the clustered regularly interspaced short palindromic repeats 

(CRISPR) technology in human CD4+ T cells using three previously published guide 

RNA’s targeting ATF7ip(16). Human CD4+ T cells were chosen because prior studies have 

shown them to be amenable to CRISPR editing(31, 54). Using anonymous donor T cells, 

ATF7ip deletion in human CD4+ T cells results in increased IL2 mRNA and enhanced IL-2 

secretion after T cell stimulation with anti-CD3 and anti-CD28 (Fig. 5J–5L). To confirm that 

ATF7ip was deleted with high efficiency, we utilized Synthego’s Inference of CRISPR Edits 

(ICE) analysis. ICE is a web-based program that calculates the percentage of insertions and 

deletions (indels) introduced by a guide RNA in a CRISPR experiment. A high ICE KO 

score indicates increased indel formation and an increased likelihood that gene function will 

be disrupted. We found a high correlation between ATF7ip guide RNA ICE KO score and 

IL-2 production, indicating that if ATF7ip is deleted with high efficiency human CD4+ T 

cells will produce increased IL-2 with TCR stimulation (Fig. 5L). Thus, ATF7ip appears to 

have a conserved function across species with ATF7ip deletion in either mouse or human T 

cells resulting in increased IL-2 production.

Discussion:

In summary, this work establishes a new function for ATF7ip in CD8+ T cell effector 

function. CD4-Cre/Atf7ipfl/fl mice have an enhanced ability to clear both primary and 

secondary LM infections. Notably, the enhanced effector response is dependent on IL-2 
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as blocking IL-2 with the IL-2 blocking antibody S4B6 abolishes the enhanced effector 

function. Increased IL-2 levels as the mechanism for the enhanced effector function in 

CD4-Cre/Atf7ipfl/fl mice is supported by the literature as IL-2 has been shown to be 

important in clearing LM infections in mice and in the tumor immune response(55–57). 

Because CD4-Cre/Atf7ipfl/fl mice have deletion of ATF7ip in both CD4+ and CD8+ T 

cells the enhanced effector function may be due to increased IL-2 from CD4+ T cells. 

Our previous studies have shown that CD4-Cre/Atf7ipfl/fl T cells produce increased IL-2 

with TCR stimulation(30). Furthermore, CD4+ T cells have been shown to be the primary 

source of IL-2 during an infection and produce significantly more IL-2 than CD8+ T 

cells. Thus, augmented IL-2 from CD4+ T cells may then act on CD8+ T cells and NK 

cells to enhance effector function(55). Our data clearly shows that infection of CD4-Cre/

Atf7ipfl/fl mice induces significant transcriptomic changes in CD8+ T cells. Specifically, 

CD8+ T cells produce increased granzymes and appear to be more metabolically active. 

Many of these changes may be due to the trans effect of IL-2 from CD4+ T cells acting 

on CD8+ T cells with multiple studies reporting that CD8+ T cells (unlike CD4+ T cells) 

are exquisitely sensitive to mitogenic IL-2 signaling with IL-2 promoting CD8+ T cell 

activation/proliferation and enhancing granzyme production(40–43).

While increased IL-2 appears to be an important driver of the augmented effector response 

in CD4-Cre/Atf7ipfl/fl mice, we also found CD8+ T cell intrinsic changes in gene expression 

with deletion of Atf7ip. RNA-seq showed increased expression of genes associated with 

CD8+ T cell memory such as Il7r, Eomes, and Sell. Furthermore, utilizing the P14 T cell 

transfer system we showed that deletion of Atf7ip results in increases in both the percentage 

and absolute number of Il7r+ memory cells. Increased absolute numbers of memory cells 

may explain the CD8+ T cell intrinsic augmentation of the memory response seen with 

Atf7ip deletion. In addition to increased Il7r expression, Atf7ip-deletion in CD8+ T cells 

also induces increased autocrine IL-2 production. The function of autocrine IL-2 in CD8+ 

T cells is debated. During a primary response the majority of IL-2 is produced from CD4+ 

T cells and autocrine IL-2 from CD8+ T cells is dispensable for the initial response to 

an infection. While not required for primary CD8+ T cell activation, autocrine IL-2 from 

CD8+ T cells is required for clonal expansion during the memory response suggesting that 

autocrine IL-2 is important for licensing CD8+ T cell memory(46, 47). Thus, increased 

autocrine IL-2 with Atf7ip-deletion in CD8+ T cells may promote T cell memory along with 

enhancing clonal expansion of memory cells and potentially increasing the production of 

effector molecules such as granzymes(43, 44, 53).

ChIP-seq experiments revealed the mechanism of increased Il7r expression and Il2 
expression by demonstrating reduced H3K9me3 at the Il7r and Il2-Il21 intergenic region 

in CD8+ T cells as well as multiple other areas of the genome. Recent studies have 

shown that ATF7ip’s primary function is to modulate the function of the H3K9me3 histone 

methyltransferase SETDB1(15, 16). In HeLa cells, deletion of ATF7ip or SETDB1 resulted 

in similar changes in gene expression with multiple ZFPs overexpressed with deletion of 

either of these proteins(16). Similarly, we found that deletion of ATF7ip in murine CD4+ 

or CD8+ T cells resulted in increased ZFP expression with reduced H3K9me3 at many ZFP 
loci. While there appears to be similar regulation of ZFP in diverse cell types with deletion 

of ATF7ip or SETDB1, there are also cell type differences. Deletion of Setdb1 in CD4+ 
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T cells causes a block in thymic T cell development(58) and augmented Th1 priming(59), 

while deletion of Atf7ip in CD4+ T cells causes a defect in Th17 differentiation(30). 

There have not been any studies of SETDB1 function in CD8+ T cells and future studies 

will determine if deletion of either Setdb1 or Atf7ip in CD8+ T cells results in similar 

phenotypes. Why deletion of either Setdb1 or Atf7ip in CD4+ T cells do not result in 

overlapping phenotypes is unclear as both proteins have a similar function, with Atf7ip 
deletion in CD4+ T cells or CD8+ T cells and Setdb1 deletion in CD4+ T cells (59) 

resulting in reduced H3K9me3 deposition at TE. One possible explanation for the divergent 

phenotypes could be that ATF7ip fine-tunes SETDB1 function and does not completely 

abolish its enzymatic activity. Another possibility is that either ATF7ip or SETDB1 have 

other functions in T cells potentially binding to and modulating other proteins. Future 

studies of ATF7ip and SETDB1 function in T cells will address these possibilities.

Our ChIP-seq data indicates that deletion of Atf7ip in either CD4+ T cells or CD8+ 

T cells results in decreased H3K9me3 deposition at TE. TE comprise approximately 

55% of the genome and growing evidence indicates that they are important regulators of 

gene expression during embryogenesis and in somatic cells(26, 28). In particular, ERVs 

which comprise 8% of the human genome have been shown to have a number of gene 

regulatory roles(60). ERVs are the remnants of endogenous retroviruses that have seeded the 

genome over millions of years. Most ERVs now exist as solitary LTRs that are replication 

incompetent, however, they still contain binding sites for RNA polymerse II and can induce 

aberrant transcription of host genes if not silenced through H3K9me3 deposition or CpG 

methylation. There are a number of examples of ERVs being co-opted for gene regulation in 

embryonic development. During mouse embryogenesis, zygotic activation genes have been 

shown to be driven from the LTR of murine endogenous retrovirus L (MERVL) and in 

humans binding sites for pluripotency factors reside in TE (61–63). Furthermore, in somatic 

tissues it has been shown that ERVs have been co-opted for the regulation of the placenta 

and in the immune system for the interferon response, Foxp3 expression, and Th1 responses 

(59, 64–66). Thus, ERVs are now known to be important regulators of the immune response. 

Our data shows that deletion of Atf7ip results in failure to silence TE and in augmented 

Il7r and Il2 expression in T cells likely secondary to failed repression of adjacent TE. The 

increased expression may be due to failure to silence adjacent cis regulatory regions as 

seen with Setdb1-deletion in CD4+ T cells (59), or secondary to increased RNA-polymerase 

II binding to LTR sequences that were previously silenced. Secondary to the repetitive 

nature of TE we have been unable to delete TE at specific regions of the genome, however, 

these studies may begin to be possible with CRISPR. Future studies will determine the 

exact mechanisms that Atf7ip-deletion and failure to silence TE results in aberrant gene 

expression in T cells.

The finding that there is considerable overlap of sites of H3K9me3 deposition in CD4+ and 

CD8+ T cells suggests that a portion of TEs may have seeded a murine T cell precursor 

early in evolution. Moreover, the finding that IL2 is similarly regulated by ATF7ip in human 

CD4+ T cells suggests a similar function for this protein between species. Future ChIP-seq 

experiments after ATF7ip deletion in human T cells will address if ATF7ip silences TE at 

the IL2 locus in humans. If ATF7ip silences TE at the IL2 locus in humans, this may suggest 

a TE that seeded the IL2 locus early in eukaryotic evolution and was exapted to fine tune 
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IL-2 expression in eukaryotes. Alternatively, TE may have been selected to target immune 

response genes in CD8+ T cells to prevent robust immune responses (through increased 

IL-2) and memory (through increased Il7r) against viral proteins. Future studies studying TE 

in T cells will interrogate these possibilities.

Our data clearly show that ATF7ip regulates IL-2 in multiple cell types (CD4+ and CD8+ 

T cells) and multiple species (mouse and human). Future studies will determine if ATF7ip 

is important for IL-2 production in other cell types such as NK cells(67) and dendritic 

cells(68) and if Il7r is regulated by ATF7ip in human T cells. Our data shows that enhanced 

IL-2 production in T cells leads to an increased effector response to infections. Multiple 

studies have shown the benefits of IL-2 in boosting immune responses to viruses and cancer 

and high-dose IL-2 has been used in the treatment of cancers such as renal carcinoma and 

melanoma(56, 57, 69). With the advent of CAR T cell-therapy one could envision future 

therapeutics deleting ATF7ip in CAR T cells to enhance the effector response to viruses and 

tumors.
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Non-Standard Abbreviations:

TE Transposable Elements

Th17 T helper 17

ATF7ip activating transcription factor 7 interacting protein

MBD1 methyl-CpG binding protein 1
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HUSH human silencing hub

MCAF MBD1-Containing Chromatin-Associated Factor 1

AM ATFa-Associated Modulator

EZH2 Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subunit

SETDB1 SET Domain Bifurcated Histone Lysine Methyltransferase 1

IGV Integrated Genome Viewer

ZFP Zinc Finger Protein

ERV Endogenous Retrovirus

LTR Long Terminal Repeat
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Key Points:

• ATF7ip is a critical regulator of CD8+ T cell effector and memory responses.

• Deletion of ATF7ip in CD8+ T results in enhanced Il2 and Il7r expression.

• ATF7ip targets transposable elements to modulate Il7r and Il2 expression.
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Figure 1 –. IL-2 is required for resistance to infection in CD4-Cre/ATF7ipfl/fl mice.
(A) Relative expression of Atf7ip mRNA in CD8+ T cells from spleens infected with 

LCMV. Downloaded from the Immgen expression database. (B-C) Relative expression 

of Atf7ip mRNA in CD8+ T cell subsets (B) or naïve CD8+ T cells (C) stimulated 

with anti-CD3 (2ug) and anti-CD28 (2ug) for the indicated times. (D) CD4-Cre/Atf7ip+/fl 

(Atf7ip+/fl) mice and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice were infected i.v. with a lethal 

dose (2×104 CFU) of Listeria monocytogenes and analyzed for body weight change and 

spleen/liver bacterial load (colony counts) 6 days post infection. (E) Volcano plot of 

RNA-seq data comparing global gene expression analysis in LCMV specific CD8+ T cells 

from CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice infected with 

LCMV Armstrong. CD8+ T cells were isolated by flow cytometry using the LCMV specific 
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tetramer GP33 (CD8+CD44+GP33+). Red numbers indicate the number of genes that are 

significantly increased (FDR < 0.01, log2fold > 0.75) in CD4-Cre/Atf7ipfl/fl CD8+ T cells, 

and blue numbers indicated the number of genes that are significantly increased in CD4-Cre/

Atf7ip+/fl (Atf7ip+/fl) CD8+ T cells. RNA-seq analysis was performed in triplicate. (F) 

Experimental setup testing CD8+ T cell memory responses. CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) 

and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice were aged and sex matched and infected i.p. with 

LCMV-Armstrong followed by a secondary i.v. infection (Day 60 post LMCV infection) 

with an LM strain expressing the LCMV H2Db epitope GP33–41 (LM33, 1×106 CFU). 

Spleen/Liver bacterial load (colony counts) 3 days after i.v. LM33 infection. (G) Granzyme 

B expression in CD8+CD44+GP33+ cells three days after reinfection with LM33. (H-I) 
CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice were treated with 

anti-IL2 antibody (Clone S4B6–1) or with IgG2a isotype control and infected with 2×104 

CFU LM33. Mice received 150ug of isotype or S4B6 on Day −1, Day 1, and Day 3 with 

LM33 infections at Day 0. (H) Body weights of mice were taken on Day 0 and on Days 

3, 4, and 5. Spleen/Liver bacterial load (colony counts) 5 days after LM33 infection. (I) 
Granzyme B expression in CD8+CD44+GP33+ cells at day 5. Each data point in (D, F, G, 

and H) represents an individual mouse. Data in (D, F, and G) are the combination of two 

experiments with 7–10 mice per genotype in each group. Data in H is one representative 

experiment of two experiments with 4–5 mice per group. Error bars (B, C, D, G, and H) 

show mean with SD. * P < 0.05, ** P < 0.01 by Student’s t test. LOD = limit of detection.
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Figure 2 –. Deletion of Atf7ip results in a CD8+ T cell intrinsic increase in Il7r expression
(A)Volcano plots from RNA-seq data comparing global gene expression analysis in CD8+ 

T cells from CD4-Cre/Atf7ip+/fl and CD4-Cre/Atf7ipfl/fl mice. Left plot represents naïve 

CD8+ T cells and right plot represents naïve CD8+ T cells in vitro stimulated for 24 hours 

with anti-CD3 (2ug) and anti-CD28 (2ug). RNA-seq was performed in triplicate. (B-C) 
Relative gene expression of Il7r, Eomes, and Sell from CD8+ T cells stimulated with anti-

CD3 (2ug) and anti-CD28 (2ug) for 24hrs (B) or 48hrs (C). (D-F) 2 × 104 P14+/CD45.1.2/

Atf7ipfl/fl CD8+ T cells and P14+/CD45.1/Atf7ip+/fl CD8+ T cells were co-transferred into 

CD45.2 C57Bl/6 hosts 1 day prior to LCMV infection. (D) Representative flow cytometry 

of input P14+ T cells prior to transfer into CD45.2 C57Bl/6 hosts. (E) Flow cytometry 

analysis of splenic CD8+ T cells stained for CD8+/CD44+/CD45.1+/CD45.2+/ KLRG1+/
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CD127+ at 8 and 60 days after transfer. Red numbers indicate the percentage of cells in each 

gate. (F) Percentage and absolute # of P14+ positive KLRG1Hi/CD127Lo terminal effectors 

and KLRG1Lo/CD127Hi memory cells in the spleen 8, 15 and 60 days after infection. 

(G-H) TCF1 (G) and Tbet (H) expression at day 60 post transfer. (I) Intracellular cytokine 

staining of P14+ cells day 60 post infection. Cells were stimulated with GP33 peptide for 

5hrs prior to FACS analysis. (J) Experimental setup outlined in Supplemental Fig. 2E. 2 

× 104 P14+/CD45.1.2/Atf7ipfl/fl CD8+ T cells or P14+/CD45.1/Atf7ip+/fl CD8+ T cells 

were individually transferred into CD45.2 C57Bl/6 hosts 1 day prior to LCMV infection. 

60 days after LCMV infection mice were infected with 1×106 LM33 i.v. and spleen/liver 

CFU were measured three days post LM33 infection. Bar graph depicts absolute number 

of CD8+CD44+CD45.1+ or CD8+CD44+CD45.1.2+ T cells in the spleen after LM33 

infection. (K) Experimental setup outlined in Supplemental Fig. 2F. 2 × 104 P14+/CD451.2/

Atf7ipfl/fl CD8+ T cells and P14+/CD45.1/Atf7ip+/fl CD8+ T cells were co-transferred into 

CD45.2 C57Bl/6 hosts 1 day prior to LCMV infection. After 60 days, CD45.1 and CD45.1.2 

CD8+ memory cells were flow sorted and 3×104 cells of each genotype were transferred 

IV into naïve B6 mice one day prior to infection with 8 × 104 CFU LM33. Spleen/liver 

CFU were measured five days post LM33 infection. Bar graph depicts absolute number of 

CD8+CD44+CD45.1+ or CD8+CD44+CD451.2+ T cells in the spleen after LM33 infection. 

Data in (F-K) are the combination of two experiments with 5–20 mice per genotype in each 

group with each data point representing an individual mouse. Error bars (B,C) show mean 

with SEM. Error bars (F-K) show mean with SD. * P < 0.05, ** P < 0.01, *** P< 0.001 by 

Student’s t test. NS = non-significant. LOD = limit of detection.
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Figure 3 –. ATF7ip is required for H3K9me3 deposition at the Il7r.
(A to G) H3K9me3 ChIP-seq was performed in duplicate in CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) 

and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) naïve CD8+ T cells. Numbers in parenthesis indicate 

sample number for a specific genotype. (A) Peak tag number boxplots for individual 

ChIP-seq samples (B) Sample clustering of individual H3K9me3 ChIP-seq samples. (C) 
Scatterplot comparing log2 fold change of H3K9me3 in CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) and 

CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) naïve CD8+ T cells. Blue numbers represent the number of 

loci with two-fold increased H3K9me3 in CD4-Cre/Atf7ip+/fl naïve CD8+ T cells compared 

to CD4-Cre/Atf7ipfl/fl naïve CD8+ T cells. Red numbers indicate the number of loci with 

two-fold increased H3K9me3 in CD4-Cre/Atf7ipfl/fl naïve CD8+ T cells. (D) Integrated 

genome viewer (IGV) H3K9me3 ChIP-seq tracings for Il7r. (E) H3K9me3 ChIP qPCR 
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targeting the site of H3K9me3 deposition within the Il7r gene. (F) IGV H3K9me3 ChIP-seq 

tracings for Runx3. (G) IGV H3K9me3 ChIP-seq tracings for Zap70.
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Figure 4 –. ATF7ip targets similar loci for H3K9me3 deposition in naïve CD4+ and CD8+ T cells.
(A) IGV H3K9me3 ChIP-seq tracings for the Il2-Il21 intergenic region in naïve CD8+ and 

naïve CD4+ T cells. (B) H3K9me3 ChIP qPCR targeting the site of H3K9me3 deposition 

within the Il2 gene of naïve CD8+ T cells. (C) Naïve CD8+ T cells were stimulated for 24 

hours in the presence of TCR stimulation (2ug anti-CD3) and costimulation (2ug anti-CD28) 

and an IL-2 ELISA was performed from culture supernatant. (D) Venn Diagram showing 

overlap of ChIP-seq sites of ATF7ip-dependent H3K9me3 deposition in naïve CD4+ T 

cells and naïve CD8+ T cells. (E) IGV H3K9me3 ChIP-seq tracings for the Il7r gene 

in naïve CD8+ and naïve CD4+ T cells. (F) IGV H3K9me3 ChIP-seq tracings for the 

Zfp53 gene in naïve CD8+ and naïve CD4+ T cells. Green boxes show sites of two-fold 

decreased H3K9me3 deposition. Each data point represents an individual mouse. Data in (C) 

is representative of two experiments with 3 mice per genotype. Error bars mean with SD. ** 

p<0.01 by Studenťs T test.
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Figure 5 –. ATF7ip targets transposable elements (TE) for H3K9me3 deposition.
(A) Repeatmasker output of TE located at the 1199 bp site of ATF7ip-dependent H3K9me3 

deposition in the Il2-Il21 intergenic region. (B-C) Overlap of TE and sites of ATF7ip-

dependent H3K9me3 deposition in (B) naïve CD8+ and (C) naïve CD4+ T cells. Red circles 

depict ChIP-seq sites with TE and blue circles depict total ChIP-seq sites. (D-H) Analysis of 

RNA-seq data using TE transcripts. Red circles indicate TE that are significantly increased 

(FDR < 0.05, log2fold > 0.4) in CD4-Cre/Atf7ipfl/fl T cells, and blue circles indicate TE 

that are significantly increased in CD4-Cre/Atf7ip+/fl (Atf7ip+/fl) T cells (FDR < 0.05, 

log2fold > 0.4). RNA-seq analysis was performed in triplicate. (D) Naïve CD8+ T cells, (E) 
Naïve CD8+ T cells stimulated with anti-CD3 (2ug) and anti-CD28 (2ug), (F) Analysis of 

data from Fig. 1E on CD8+CD44+GP33+ T cells from LCMV infected CD4-Cre/Atf7ip+/fl 
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(Atf7ip+/fl) and CD4-Cre/Atf7ipfl/fl (Atf7ipfl/fl) mice, (G) Naïve CD4+ T cells, and (H) 
Naïve CD4+ T cells in vitro stimulated under Th17 inducing conditions with for 24hrs. (I) 
qPCR for TE expression in naïve CD8+ T cells and CD8+ T cells stimulated for 24hrs 

with anti-CD3 and anti-CD28. Primers used annealed to conserved sequences in the major 

satellite DNA repeats of ERVs (Major) and LINE elements (LINE). (J-L) CRISPR in human 

CD4+ T cells with a scrambled guide RNA (sg SCR), a CXCR4 guide RNA (sgCXCR4), 

or three different ATF7ip guide RNA (sgATF7ip). The sgCXCR4 was included as a cutting 

control. (J) qPCR for IL2 mRNA. (K) ELISA to quantitate secreted IL-2. (L) Correlation 

of ICE KO score for sgATF7ip#1 vs IL-2 secretion. Each data point represents an individual 

donor. *p<0.05, **p<0.01.
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