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SUMMARY

Protective immunity against pathogens depends on the efficient generation of functionally diverse
effector and memory T lymphocytes. However, whether plasticity during effector-to-memory
CD8™ T cell differentiation affects memory lineage specification and functional versatility remains
unclear. Using genetic fate mapping analysis of highly cytotoxic KLRG1* effector CD8* T cells,
we demonstrated that KLRG1™ cells receiving intermediate amounts of activating and
inflammatory signals, downregulated KLRG1 during the contraction phase in a Bach2-dependent
manner, and differentiated into all memory T cell linages, including CX3CR1iM peripheral
memory cells and tissue-resident memory cells. ‘EXKLRG1’ memory cells retained high cytotoxic
and proliferative capacity distinct from other populations, which contributed to effective anti-
influenza and anti-tumor immunity. Our work demonstrates that developmental plasticity of
KLRG1" effector CD8* T cells is important in promoting functionally versatile memory cells and
long-term protective immunity.

IN BRIEF

Herndler-Brandstetter et al. demonstrate that KLRG1* IL-7Ra* effector CD8* T cells
downregulate KLRGL1 in a BachZ-depenent manner and differentiate into long-lived circulating
and tissue-resident ‘exKLRG1’ memory cells. Developmental plasticity of KLRG1* effector cells
therefore drives functional diversity within memory T cell lineages and promotes enhanced anti-
influenza and anti-tumor immunity.

GRAPHICAL ABSTRACT
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INTRODUCTION

CD8* T cells are important in host protection from infectious and malignant diseases, and
memory CD8* T cell heterogeneity is a core feature of protective immune responses.
Following a primary infection, naive CD8* T cells are activated by antigen-presenting cells,
clonally expand and differentiate into short-lived effector and long-lived memory cell
subsets (Jameson and Masopust, 2009; Mueller et al., 2013; Williams and Bevan, 2007).
Two subsets of circulating memory CD8* T cells with distinct migratory and effector
properties have been described: central-memory T (Tcm) and effector-memory T (Tem)
cells. Tcm cells express the lymph node (LN) homing receptors CCR7 and CD62L, have a
high proliferative capacity but exhibit low cytotoxicity. In contrast, Tem cells lack CCR7 and
CD62L, home to non-lymphoid tissues, have a lower proliferative capacity but display high
cytotoxicity. In addition, tissue-resident memory T (Trm) cells constitute a recently
identified memory cell lineage that does not recirculate but resides in barrier and non-barrier
tissues (Mueller et al., 2013; Steinert et al., 2015). Trm cells are phenotypically distinct from
recirculating Tcm and Tem cells, and represent the first line of defense upon reinfection at
barrier sites, such as the skin and mucosal surfaces. However, considerable heterogeneity
within each memory cell lineage has been reported (Kaech and Wherry, 2007; Mackay and
Kallies, 2017). For example, a recently identified peripheral memory T (Tpm) cell
population, which expresses intermediate levels of CX3CR1, shares features of both Tcm
and Tem cells, and is chiefly responsible for the global surveillance of non-lymphoid tissues
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(Gerlach et al., 2016). So far, it remains unclear whether such heterogeneity originates from
different effector cell precursors or differential states of activation.

Killer cell lectin-like receptor subfamily G, member 1 (KLRG1) is induced in highly
cytotoxic and proliferative effector CD8* T cells that received strong cumulative T cell
receptor and inflammatory signals (Joshi et al., 2007; Sarkar et al., 2008; Xin et al., 2016).
KLRG1, together with IL-7Ra., have been used as markers to identify effector CD8* T cell
subsets with distinct traits regarding effector function, migratory properties, long-term
survival and multi-lineage memory potential (Buchholz et al., 2016; Chang et al., 2014;
Joshi et al., 2007). KLRG1* IL-7Ra." short-lived effector CD8* T cells (Tsle) and KLRG1*
IL-7Ra* double-positive effector CD8" T cells (Tdpe) are thought to have a limited
potential to become memory cells, and the KLRG1* memory CD8* T cells that develop,
gradually decline over time (Joshi et al., 2007; Mackay et al., 2013; Obar and Lefrancois,
2010; Sheridan et al., 2014). In contrast, effector CD8" T cells that do not express KLRG1
(KLRG1™ IL-7Ra*) have been referred to as memory precursor effector cells (Tmpe), which
display increased survival during the contraction phase and retain developmental plasticity,
as they are able to differentiate into multiple memory cell lineages, including Tcm, Tem and
Trm cells (Joshi et al., 2007; Mackay et al., 2013; Obar and Lefrancois, 2010).

The efficient generation of Tmpe cells has been used as an immune parameter critical for
long-term protective immunity, in particular at barrier sites (Araki et al., 2009; Mackay et
al., 2013; Pearce et al., 2009; Sheridan et al., 2014). However, the expression of proteins
such as KLRG1 may not be stable but subject to spatiotemporal regulation by cell-intrinsic
and -extrinsic signals (Gerlach et al., 2016; Joshi et al., 2007; Plumlee et al., 2015; Sarkar et
al., 2008; Wherry et al., 2003), which may subsequently alter the fate of these effector cells.
Whether KLRG1* effector CD8™ T cell subsets display developmental plasticity, are able to
efficiently differentiate into all memory cell lineages, and drive functional heterogeneity
among distinct memory cell lineages remains unclear. So far, a fate mapping approach that
tracks the fate of different subsets of effector CD8* T cells in a dynamic and complex /n
vivo setting has not been reported.

In this study, we employed a K/rgZ€"€ reporter system, which enabled longitudinal tracking
of KLRG1* effector CD8* T cells /n vivo. By using this system, we demonstrated that
KLRG1" effector CD8* T cells displayed developmental plasticity, as they were able to
downregulate KLRGL1 and to efficiently differentiate into all memory T cell lineages. We
further showed that such plasticity was a driving force in generating phenotypic and
functional diversity within Tcm, Tem and Trm cells. Finally, we showed that exKLRG1
memory cells mounted highly effective anti-influenza and anti-tumor responses, highlighting
the functional significance of plasticity in effector-to-memory CD8* T cell differentiation.

To investigate the role of plasticity in effector-to-memory CD8* T cell differentiation and its
impact on memory CD8™ T cell heterogeneity and recall responses, we generated a mouse
strain that expressed an eGFP-Cre recombinase (Cre) fusion protein under the control of the
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Klrg1 gene (Klrg1€7) (Figure S1A). We then crossed K/rg1€"e mice with Rosa26-flox-
STOP-floxeYFP (Rosa26¢YFP) or Rosa26-flox-STOP- flox-tdTomato (Rosa26Tomato)
mice. Thus, the fluorescent reporter (eYFP or tdTomato) would permanently tag KLRG1-
expressing cells. The analysis of Klrg1C/*Rosa26 tdTomato/* mice revealed that naive CD4*
and CD8* T cells, Gr1* cells, CD11c* cells, and CD11b* cells, which are known not to
express KLRG1, did not express the fluorescent reporter (Figure S1B and data not shown).
In contrast, cells that frequently express KLRG1, such as NK1.1* cells, FoxP3* regulatory T
cells and CD8* Tem cells, expressed the fluorescent reporter (Figures S1B and S1C).

To study the fate of KLRG1* effector CD8* T cells during infection /n vivo, we employed a
bacterial (ovalbumin (OVA)-expressing Listeria monocytogenes, LM) and a viral (OVA-
expressing vesicular stomatitis virus; VSV) infection model (Figures S1D and S1E).
Following infection with LM, transferred naive CD44!° CD62L" Reporter- OVA-specific T
cell receptor transgenic CD8* T (OT-1) cells started to upregulate KLRG1 on day 4 p.i., and
the vast majority of KLRG1-expressing cells were tagged with the fluorescent reporter
(Reporter* cells) by day 10 p.i. (Figures 1A and S1F). On day 5, the intensity of K/rgZ and
iCre mRNA expression correlated with the efficiency of DNA recombination in the Rosa26
locus (Figure S1G). Cre expression, as determined by fluorescence of eGFP-Cre fusion
protein, was restricted to KLRG1" and KLRG1" effector cells and eGFP-Cre expression
was hardly detectable in KLRG1 effector cells (Figure S1H). The majority of the
transferred KLRG1* Reporter™ effector OT-I cells were also faithfully tagged with the
reporter 14 days post transfer (Figure S11). In addition, both reporter strains
(Klrg1€re/CreRosaz6e YFFEYFP and Kirg1C'e* Rosa261T0mato’) displayed similar KLRG1
fate mapping efficacy and development of exKLRGL1 cells in the blood and spleen (Figures
S1J and S1K). Together, these results indicate that KLRG1-expresssing cells are faithfully
labeled by the fluorescent reporter once effector CD8* T cells express sufficient levels of
KLRGL.

KLRGL1* Effector CD8* T Cells Lose KLRG1 Expression and Differentiate into Long-Lived
‘exKLRG1’ Memory Cells

As early as 6 days p.i. with LM, we identified effector OT-I cells in the blood that expressed
KLRGL1 previously (Reporter®) but lost KLRG1 expression thereafter (Figure 1A). We
named this KLRG1~ Reporter* population ‘exKLRG1’ cells. Following infection with LM,
exKLRG1 memory cells survived long-term and represented approximately 25% of the
circulating OT-1 memory cell pool (Figures 1B and 1C). We also detected long-lived
exKLRG1 memory cells in the spleen and LN, where they represented 20% to 35% of the
total memory OT-I cell population (Figure 1D). Remarkably, exKLRG1 and KLRG1~
Reporter™ cells had a comparable potential to become long-lived memory CD8* T cells, as
revealed by the fold decrease in cell number between days 10 and 120 p.i. with LM (Figure
1D). Infection with VSV also induced long-lived exKLRG1 memory cells in the blood,
spleen and LN (Figures 1E and 1F). Although the intraclonal competition for antigenic and
inflammatory signals has been shown to affect the generation of KLRG1* effector CD8* T
cells, we could detect exKLRG1 memory cells irrespective of the number of naive OT-I cell
precursors transferred (Figures S2A-F). Furthermore, exKLRG1 memory cells also
developed from endogenous CD8* T cells in K/rg1C"¢/* Rosa26'70mato/* mice and
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represented 20-40% of the long-lived OVA tetramer* memory CD8* T cell population
following infection with LM (Figures S2G-J). Together, these results demonstrate that
KLRG1" effector CD8" T cells are able to differentiate into exKLRG1 memory cells, which
represent a significant proportion of the memory cell pool and are able to persist longer than
KLRG1*" memory CD8* T cells. Our results further indicate that a high proportion of cells
previously defined as Tmpe cells are actually exKLRG1 cells.

KLRGL1* Effector CD8* T Cells Downregulate KLRG1 and Differentiate into Trm Cells

Published studies suggest that KLRG1™ Tmpe cells are the predominant effector cell subset
able to differentiate into Tcm, Tem and Trm cell lineages, and thereby exhibit multipotency
(Mackay et al., 2013; Obar and Lefrancois, 2010; Sheridan et al., 2014). Because our
Klrg1¢7e reporter model allowed us to follow the fate of KLRG1™ effector cells in vivo, we
re-evaluated whether KLRG1* effector CD8* T cells were able to differentiate into Trm
cells. Intravenous injection of anti-CD8a phycoerythrin antibody (Anderson et al., 2014)
revealed that exKLRG1 memory OT-I cells were able to migrate to the lung parenchyma,
while KLRG1* memory OT-1 cells could only be detected in the lung perivascular niche
(Figure 2A-2C). In the liver, a preferred site of LM colonization, exKLRG1 and KLRG1~
Reporter™ memory OT-1 cells expressed comparable levels of the Trm cell marker CD69
(Figure 2D). The number of exKLRG1 and KLRG1~ Reporter~ Trm cells in the lung and
liver was comparable and both liver Trm cell subsets were equally dependent on the survival
factor 1L-15 (Figure 2C and 2E). Following infection with LM, about 50% of intraepithelial
OT-I lymphocytes in the small intestine were exKLRG1 memory cells and KLRG1* cells
were largely excluded from this population (Figure 2F). Oral LM infection also generated
exKLRG1 and KLRG1 Reporter™ IELSs that expressed the Trm cell markers CD69 and
CD103 (Figure 2G), and exKLRG1 cells were enriched within the CD69* CD103~ cell
population (Figure 2H).

Subcutaneous (s.c.) OVA injection of mice that were previously injected with naive OT-I
cells and infected with LM, revealed that up to 40% of OT-I memory cells recruited to the
skin epidermis were descendants of KLRG1* effector cells (Movie S1 and data not shown).
Reporter™ Trm cells were also detected in the skin epidermis of uninfected mice following
s.c. immunization with OVA plus poly (1:C) (Movie S2 and data not shown). Our results
highlight a previously undefined potential of effector CD8* T cells, which have previously
expressed KLRG1, to differentiate into long-lived exKLRG1 Trm cells.

ExKLRG1 Effector CD8* T Cells Express Key Molecules Associated with Effector Function,
Survival, and Proliferation at an Intermediate Level

To better characterize the effector CD8* T cell subsets that possess developmental plasticity,
we first analyzed key molecules and transcription factors in effector cell subsets 8-11 days
p.i. with LM. EXKLRGL1 effector cells expressed intermediate levels of granzyme B
(GzmB), T-bet, Ki-67 and Bcl-2, and similar levels of TCF-1 compared to KLRG1 Reporter
~ effector cells (Figure 3A). In addition, exKLRG1 effector cells expressed intermediate
levels of Zeb2, Prdm1and BachZ2 (Figure 3B). The expression level of GzmB, T-bet, Ki-67
and Bcl-2 in exKLRG1 cells was closely associated with the expression levels observed in
Tdpe cells (Figure S3A). Following infection with LM, effector CD8" T cells rapidly up-
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regulated CX3CR1, which is used to identify 3 distinct effector CD8* T cell subsets with
different capacities to generate memory cells (Bottcher et al., 2015; Gerlach et al., 2016), but
only KLRG1* and exKLRG1 cells were able to maintain CX3CR1 expression during the
early memory phase (30 — 60 days p.i.) (Figures 3C and 3D). IL-7Ra. expression was
downregulated in all effector cell subsets before the peak of expansion (day 5-6 p.i.) (Figure
3C), as reported previously (Joshi et al., 2007; Plumlee et al., 2015; Sarkar et al., 2008).
Interestingly, the kinetics of IL-7Ra and CD62L re-acquisition was different among effector
T cell subsets (Figures 3C and 3E): KLRG1 Reporter™ effector cells exhibited the highest
degree of IL-7Ra and CD62L re-acquisition, whereas exKLRG1 effector cells re-expressed
intermediate levels of these molecules compared to KLRG1™Reporter™ and
KLRG1*Reporter* cells (Figures 3C and 3E). Taken together, the development of exK LRG1
memory cells is linked to the degree of effector CD8" T cell differentiation and proliferative
history.

To assess whether phenotypic and functional differences between memory CD8* T cell
subsets correlate with chromatin remodeling early during the effector phase, we analyzed the
chromatin accessibility landscape in effector CD8* T cell subsets using ATAC-seq. The
analysis of 7 key loci revealed that exKLRG1 effector cells had an ATAC-seq signal profile
that was different from KLRG1*Reporter* and KLRG1 Reporter~ effector cells (Figure 3F).
ExKLRG1 effector cells displayed open chromatin states in both effector (K/rg1, Cx3cr1
and Gzma) and memory-related gene loci (//7r, /12, Tcf7and BachZ2). Chromatin remodeling
in exKLRG1 effector cells may thus explain why exKLRG1 memory cells possess both a
high cytotoxic and proliferative capacity.

Tdpe Cells, but not Tsle Cells, Efficiently Give Rise to EXKLRGL1 Cells During the
Contraction Phase

We next performed a series of effector cell transfer experiments to determine when and
which KLRG1" effector CD8™ T cell subsets differentiated into exKLRG1 memory cells.
KLRGL1* Reportert, KLRG1* Reporter, and early KLRG1 Reporter~ cells (5-6 days p.i.
with LM) were all able to differentiate into exKLRG1 cells by day 10-12 p.i. (Figure S4A
and S4B) or day 28 p.i. (Figures 4A and 4B). The development of exKLRGL1 cells from
early KLRG1 Reporter™ effector cells is explained by previous reports, in which early
KLRG1~ effector cells continue to give rise to KLRG1™" cells (Joshi et al., 2007; Plumlee et
al., 2015; Sarkar et al., 2008). EXKLRG1 cells descending from early KLRG1 Reporter™
effector cells expressed intermediate levels of CX3CR1, IL-7Ra and CD62L compared to
KLRG1~ Reporter~ and KLRG1* Reporter* cells 12 and 28 days p.i. (Figures S4C and
S4D). EXKLRG1 cells derived from KLRG1* Reporter* cells, however, displayed higher
levels of IL-7Ra and CD62L, and lower levels of CX3CR1 compared to cells that did not
lose KLRG1 12 and 28 days p.i. (Figures S4E and S4F). These results are consistent with
our findings of higher IL-7Ra and CD62L, and lower CX3CR1 expression in exKLRG1
cells than KLRG1* cells during memory CD8* T cell differentiation (Figures 3C-3E).

We then isolated KLRG1M Reporter* Tsle and Tdpe cells from the spleen of mice 9 days p.i.
with LM, and transferred them into infection-matched WT mice (Figures 4C—4F). Thirty-
five days p.i., about 15% of Tdpe and 3-5% of Tsle cells had differentiated into exKLRG1
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memory cells (Figures 4C and 4D). We also isolated and transferred Reporter™ Tmpe cells,
and found that these cells at day 9-11 p.i. displayed a very low potential to develop into
exKLRG1 cells (Figures 4C, 4D and S4G) compared to earlier KLRG1 Reporter™ cells.
Consistent with the results from day 5-6 early effector cell transfer experiments (Figures
S4D and S4F), exKLRG1 cells derived from Tdpe or Tmpe cells expressed intermediate
levels of CX3CR1 and CD62L compared to KLRG1* and KLRG1 Reporter~ cells (Figures
4E and 4F). A similar number of exKLRG1 and KLRG1™ Reporter™ cells was recovered,
while the number of recovered KLRG1* Reporter* cells was 6.2 — 9.6 fold lower (Figure
S4H). These results are in line with our findings in Figure 1D, and indicate that exKLRG1
and KLRG1™ Reporter™ cells have a similar high potential of survival, while only few
KLRG1" cells survive the contraction phase.

In the absence of antigen, transferred exKLRG1 and KLRG1™ Reporter~ memory cells (day
30 p.i. with LM) did not acquire KLRG1, and KLRG1* Reporter* memory cells did not
differentiate into exKLRG1 cells (Figure S4l). Together, these results indicate that
exKLRG1 cells develop during the late effector and contraction phase, and not during the
memory phase, and Tdpe cells represent the preferential effector cell population
differentiating into exKLRG1 memory cells.

Molecular Profiling of ExXKLRG1 Memory CD8* T Cells

To determine the lineage relationship of exKLRG1 memory cells, we performed genome-
wide transcriptional profiling and compared the transcriptome of exKLRG1 memory OT-I
cells with those of KLRG1~ Reporter™ and KLRG1* memory OT-I cells. Principal
component analysis (PCA) revealed that the transcriptome of exKLRG1 memory cells
resembled that of KLRG1~Reporter~ memory cells but not KLRG1" memory cells (Figure
S5A). Only 36 genes were differentially expressed (> 1.5-fold) between exKLRG1 and
KLRG1™ Reporter~ memory cells, compared to 132 genes differentially expressed between
exKLRG1 and KLRG1* memory cells (Figures S5B and S5C). The analysis of signature
genes involved in CD8* T cell differentiation and function revealed that exKLRG1 memory
cells had an intermediate expression level of Tem cell-associated molecules (Gzma, Zeb2,
Prdm1, S1pr5, Cx3crl, and T-bet) and Tcm cell-associated molecules (/a3, Socs3, BachZ,
Mye, Bel-2, Eomes, CD62L, CXCR3, CD43, and CCR7) (Figures S5D-S5G) (Best et al.,
2013; Bottcher et al., 2015; Dominguez et al., 2015; Xin et al., 2016; Yang et al., 2011).
These results indicate that exKLRG1 memory cells are a heterogeneous population
consisting of Tcm and Tem cells, whereas KLRG1 Reporter™ or KLRG1* cells are enriched
for Tcm or Tem cells, respectively.

Given the recent report about CX3CR1" Tpm cells (Gerlach et al., 2016), we analyzed to
what extent the characteristics of exKLRG1 memory cells overlapped with those of Tpm
cells. We found that exKLRG1 cells in the blood expressed intermediate levels of CX3CR1
7-60 days p.i. (Figure 3D), and expression of CX3CR1 was higher in circulating exKLRG1
Tem compared to exKLRG1 Tcm cells (Figure S5H). However, CX3CR1 expression on
exKLRG1 memory cells was decreased by day 299 p.i (Figure 3D). Approximately 42% of
CX3CR1M Tpm cells but only 22-27% of CX3CR1M or CX3CR1° memory cells were
exKLRG1 cells, indicating that CX3CR1i" Tpm cells were enriched in exKLRG1 cells
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(Figure S51). Accordingly, about 70% of KLRG1~ CX3CR1* but only 27% of KLRG1~
CX3CR1™ memory cells expressed the Reporter (Figure S5J). However, neither exKLRG1
nor KLRG1™ Reporter™ Trm cells in the lung and small intestine expressed CX3CR1
(Figures S5K and S5L). As such, CX3CR1 may be used to distinguish circulating exKLRG1
from KLRG1~ Reporter~ early memory CD8* T cells.

Functional analysis revealed that exKLRG1 memory cells in the spleen retained a higher
cytotoxic capacity compared to KLRG1™ Reporter™ memory cells, as determined by GzmB
production (Figure S5M). In contrast, the frequency of IL-2- and IFN-y-producing cells
upon restimulation with OVA peptide /n vitro was similar between exKLRG1 and KLRG1~
Reporter~ memory CD8* T cells (Figure S5N and data not shown). These results indicate
that exKLRG1 memory cells acquire many features of KLRG1™ Reporter™ memory cells
while retaining some characteristics reminiscent of their KLRG1" effector cell origin.

ExXKLRG1 Tcm and Tem Cells Retain High Responsiveness to IL-12

Bystander-mediated activation of memory CD8* T cells is a key element in the early step of
limiting pathogen invasion, and requires responsiveness to inflammatory cytokines but is
independent of cognate antigen recognition (Chu et al., 2013; Soudja et al., 2012). We next
investigated the responsiveness of exKLRG1 memory cells to inflammatory cytokines
(IL-12 alone or in combination with I1L-15 or type | interferons (IFN-a/g)) and found that
KLRG1" T cells exhibited the highest cytokine-driven cognate antigen-independent
production of IFN-y compared to KLRG1™ T cell subsets (Figure 5A). Interestingly, a
higher percentage of exKLRG1 Tcm and Tem cells produced IFN-y compared to their
corresponding KLRG1™ Reporter™ Tcm and Tem cell counterparts (Figure 5A). Although
exKLRG1 cells were enriched in CX3CR1* cells (Figures 3D and 3E), exKLRG1 cells
produced higher amounts of IFN-y than KLRG1~ Reporter cells within the CX3CR1* or
CX3CR1™ population (Figure 5B). The increased cognate antigen-independent production of
IFN-y in exKLRG1 Tem cells was also confirmed /7 vivo by analyzing the recall response
to wild-type Listeria monocytogenes, which did not express OVA antigen (Figures 5C).
However, transferred KLRG1* and exKLRG1 Tem cells had an equal capacity to expand
upon secondary challenge (Figures S50, right and S5P). Similarly, transferred exKLRG1
and KLRG1™ Reporter™ Tcm cells expanded equally well after re-challenge (Figures S50,
left and S5P). Our results indicate that the responsiveness of Tcm and Tem cells to the
inflammatory cytokine IL-12 correlates with their distinct effector cell origin, and the high
responsiveness of exKLRG1 memory cells to IL-12 is reminiscent of their KLRG1* effector
cell origin. Yet, the capacity of Tcm and Tem cells to proliferate upon secondary challenge is
not affected by their effector cell origin.

ExXKLRG1 Trm Cells Retain High Cytotoxic Capacity

We next investigated whether developmental plasticity of KLRG1* effector CD8* T cells
also generated diversity among Trm cells. We found that the majority of CD69* Trm cells in
the liver expressed high levels of GzmB (Figure 5D). However, a higher frequency of CD69*
exKLRG1 Trm cells expressed GzmB compared to CD69" KLRG1~ Reporter™ Trm cells
(Figure 5E). We next analyzed the Trm cell subsets that were generated in the small intestine
epithelium after oral infection with LM (Figure 2H). Both CD103* and CD103~ exKLRG1
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Trm cells in the small intestine epithelium produced more GzmB than their KLRG1™
Reporter™ Trm cell counterparts (Figure 5F). These results indicate that similar to Tcm and
Tem cells, Trm cells display functional diversity, which originates from two different
effector cell populations, namely KLRG1* and KLRG1™ cells.

ExXKLRG1 Memory CD8* T Cells Mount Highly Effective Anti-Viral and Anti-Tumor

Responses

We next determined the ability of exKLRG1 memory cells to mediate protective immunity.
Although KLRG1™ Reporter™ cells expanded most efficiently at the site of viral infection
(Figure 6A-6B), exKLRG1 and KLRG1* memory cells, but not KLRG1~ Reporter~
memory cells, provided optimal anti-influenza immunity (Figure 6C). EXKLRGL1 cells in the
lung quickly re-expressed KLRG1 and upregulated the cytotoxicity marker CD107a to a
level comparable to KLRG1™ cells (Figures 6D and 6E), indicating that cytolytic activity,
rather than recall proliferation, correlated with enhanced protection, which is consistent with
published results (Olson et al., 2013). On the other hand, we employed a mouse model of
human melanoma, in which Tcm cells with high proliferative capacity drive potent anti-
tumor immunity (Klebanoff et al., 2005). KLRG1™ Reporter™ cells and exKLRGL1 cells
proliferated and inhibited tumor growth more efficiently than KLRG1" cells (Figures 6F and
6G). These results suggest that the heterogeneous and functionally versatile exKLRG1
memory CD8* T cell population plays an important role in promoting highly effective
immune responses in tissues and at barrier sites.

Bach2 Supports EXKLRG1 Memory Cell Development

We then analyzed which factor controlled the differentiation of KLRG1™" effector cells into
exKLRG1 memory cells. BachZ2is a transcription repressor that restrains terminal
differentiation and supports memory formation of lymphocytes including CD8" T cells and
B cells (Hu and Chen, 2013; Roychoudhuri et al., 2016; Shinnakasu et al., 2016). By using
Bach2%9 reporter mice, we found that Bach2 expression was downregulated in Tsle cells,
whereas Tdpe and Tmpe cells retained high expression of Bach2 (Figures S6A-F).

To determine whether BachZ2is required for the development of exKLRG1 memory cells, we
transferred equal numbers of K/rg16®*Rosa26/70mato/* Bach2*/* and

Klrg1C€re/* Rosa26tTomato/* Bach~= OT-I cells into WT mice and infected them with LM
(Figure S7A). As previously reported (Roychoudhuri et al., 2016), BachZ2 deficiency in naive
OT-I cells led to a decrease in the total number of OT-I cells in the blood by day 10 p.i. with
LM (Figure S7B). Accordingly, the number of KLRG1", exKLRG1 and KLRG1~ Reporter™
cells in the spleen and LN, and the number of exKLRG1 Tcm and exKLRG1 Tem cells in
the spleen was significantly reduced on day 27 p.i. in the absence of BachZ2 (Figure 7A and
Figure S7C). Importantly, Bach2 deficiency led to a decreased percentage of exKLRG1
memory cells within Reporter* OT-1 cells in the spleen (Figure 7B). Conversely, constitutive
expression of BachZin naive OT-I cells by tamoxifen-mediated excision of the STOP
cassette in the Rosa26 locus (Rosa2652h2) (Kuwahara et al., 2016), resulted in considerably
impaired expansion of effector CD8" T cells in the spleen and liver on day 10 p.i. with LM
(Figures 7C and 7D). Rosa26ERT2Cre/Bach2 effector OT-1 cells exhibited lower Ki-67
expression and retained higher levels of Bcl-2 and CD62L compared with Rosa265R72Cre/*
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effector OT-I cells, but failed to express KLRG1 (Figures 7E and S7F). As a result,
Rosa26ERT2Cre/Bach2 memory OT-1 cells accumulated in the LN on day 30 p.i. (Figure 7D),
indicating that downregulation of Bach2 in naive CD8" T cells is essential for the complete
differentiation of effector cells.

We next investigated the contribution of Bach2 for the development of exKLRG1 memory
cells by crossing Klrg16* Rosa26t7omato/* mice with Bach2°%~ mice, in order to delete
BachZ only in effector cells that expressed KLRG1 (Figure S7D). However, we found that
the deletion efficiency correlated with the intensity of KLRG1 expression: BachZwas
efficiently deleted in KLRG1M cells, but only partially in KLRG1i" and exKLRG1 cells
(Figures S7E and S71). Naive OT-I cells and KLRG1™ Reporter memory OT-I cells had the
same amount of the Bach2 floxed allele (Figures S7E and S7F), indicating that K/rg1¢"e-
mediated recombination did not occur in KLRG1™ Reporter~ memory cells. Therefore, we
isolated KLRG1M effector OT-1 cells from mice engrafted with

Klrg1CTe"* Rosa26tdTomato/* Bach 2*/* or Kirg1Cre/* Rosa26a70mato/* Bach 2flox/~ OT-| cells and
transferred them into infection-matched WT mice (Figure 7G). Whereas

Klrg1Cre/* Rosa26tTomato/* Bach 2+/+ OT-1 cells efficiently differentiated into exKLRG1 cells
22 days post transfer, K/rg1C* Rosa26/T0mato/* Bach 210X/~ OT-| cells were not able to
differentiate into exKLRG1 cells (Figure 7H)._Conversely, K/rg1¢"-mediated specific
induction of Bach2in KLRG1* effector OT-I cells promoted both Tcm and Tem exKLRG1
cell development 10 and 70 days p.i. with LM (Figures 71-7K). The downregulation of
Bach2 was regulated by an AKT-mTOR-Foxol pathway (Figures S7G-S7J), and inhibition
of this pathway by Rapamycin (Araki et al., 2009) enhanced the conversion of KLRG1*
effector cells into exKLRG1 cells (Figures STK-S7M). These findings suggest that Bach2
expressed in Tdpe and Tmpe cells plays an important role in the development of exKLRG1
memory cells.

DISCUSSION

By using a K/rg1° reporter system, we demonstrate that KLRG1* IL-7Ra* effector CD8*
T cells, which receive intermediate levels of activating and inflammatory signals, possess
developmental plasticity, as they downregulate KLRG1 during the contraction phase, and
enter the pool of long-lived KLRG1™ IL-7Ra* memory cells. The downregulation of
KLRG1 in effector cells is not a singular, stand-alone event, but enables the development of
exKLRG1 memory cells, which have a distinct molecular and functional profile, and
promote long-lasting protective immunity in tissues and at barrier sites.

The phenotypic and functional diversity among effector cells is thought to shape memory
CDS8™ T cell heterogeneity and the graded activity of transcription factors in effector CD8* T
cells has been associated with distinct effector cell traits (Kaech and Cui, 2012). Here we
demonstrate that exKLRGL1 cells express T-bet, Bach2, Zeb2 and Bcl-2 at an intermediate
level compared to KLRG1* and KLRG1~ Reporter™ cells, indicating that T-beti" Tdpe but
not T-bet" Tsle cells possess developmental plasticity, as confirmed by our adoptive cell
transfer experiments. We further show that the different properties of exKLRG1 and
KLRG1™ Reporter- memory cells may be due to differences in chromatin accessibility of
key effector-(K/rg1, Cx3cr1 and Gzma) and memory-related gene loci (//7r, 112, Tcf7, and

Immunity. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herndler-Brandstetter et al. Page 12

Bach?), as has been shown for naive CD8" T cells responding to viral infection (Scott-
Browne et al., 2016), or for the specification of distinct CD8* T cell fates (Gray et al., 2017;
Yu et al., 2017).

ExKLRG1 memory cells express intermediate levels of CX3CR1 and CD62L reminiscent of
recently identified CX3CR1i" Tpm cells, which are the predominant memory CD8" T cells
surveying non-lymphoid tissues (Gerlach et al., 2016). We show that approximately 40% of
CX3CR1iM Tpm cells descend from exKLRG1 cells. However, exK LRG1 cells are also
found within the CX3CR1~ and CX3CR1M cell populations, which exhibit characteristics of
classical Tcm and Tem cells, respectively. These results indicate that exKLRGL1 cells partly
overlap with, but are not restricted to the CX3CR1i" Tpm fraction. Consistent with the
essential roles of IL-12 and T-bet in the induction of KLRG1 and CX3CR1 during effector
CDS8™ T cell differentiation, exKLRG1 Tcm and Tem cells retain higher responsiveness to
IL-12, but similar proliferative capacity upon rechallenge, compared to KLRG1™ Reporter™
Tcm and Tem cells. This enhanced antigen-independent response of exKLRG1 memory
cells may contribute to early anti-microbial protection meditated by bystander-activated
memory CD8* T cells.

CX3CR1 expression gradually declines in memory CD8* T cells, in particular in exKLRG1
Tem cells. Our results are consistent with previous findings that the frequency of CX3CR1Mi
cells is gradually decreased over time and CX3CR1I" Tpm cells progressively convert into
CX3CR1™ cells (Gerlach et al., 2016). Together, these results suggest that CX3CR1
expression may only be suitable to distinguish early circulating exKLRG1 and KLRG1~
Reporter™ memory cells.

Our results demonstrate that the transcription repressor Bach2 does not only control TCR-
driven transcriptional programs during the initial activation of CD8* T cells to indirectly
regulate memory CD8* T cell development (Hu and Chen, 2013; Roychoudhuri et al., 2016),
but also regulates developmental plasticity of KLRG1* effector cells. Although high
expression of Bach2 in our overexpression studies promotes both exKLRG1 Tcm and
eXKLRG1 Tem cell development, the enhancement of exKLRG1 Tcm cell development
appears more pronounced. It is possible that the intermediate expression of Bach2 in
exKLRG1 cells may equally promote Tcm and Tem cell differentiation. Alternatively,
additional transcriptional regulators could be involved in controlling the differentiation of
KLRG1* effector cells into exKLRG1 Tem cells. In addition to the cell-intrinsic role of
Bach2 in effector CD8* T cell survival (Roychoudhuri et al., 2016), Bach2-mediated
induction of CD62L may also enable exKLRG1 cells to access distinct survival niches, such
as IL-7-producing cells in lymphoid organs (Hara et al., 2012; Jung et al., 2010).

ExXKLRG1 cell development continuously occurred during the late effector and contraction
phases, but not during the memory phase. It should be noted that although memory
exXKLRG1 cell development correlated with IL-7Ra re-acquisition, early exKLRG1 effector
cells (day 5-7 p.i.) did not express IL-7Ra., indicating that downregulation of KLRG1
precedes the induction of IL-7Ra at this early time point. The different duration of KLRG1
expression may reflect different signal strength received by effector cells, which contributes
to fate decision of KLRG1™ effector cells and may contribute to the functional heterogeneity
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within exKLRG1 cells. Noteworthy, the frequency of exKLRG1 memory cells reported in
our study may be underestimated, because Cre-reporter strains may underreport Cre activity.
We noticed that in about 5-10% of KLRG1* effector cells, the expression of KLRG1 may
have not been strong enough to drive Reporter expression. In fact, not all KLRG1* effector
cells expressed the eGFP-Cre fusion protein and the efficiency of K/rg1¢"e-mediated
deletion of BachZwas dependent on the intensity of KLRG1 expression. Some KLRG1~
Reporter™ memory cells may share the features with exKLRG1 cells and therefore be
descendants of effector cells that expressed low or intermediate levels of KLRG1.

As reported previously (Mackay et al., 2013; Sheridan et al., 2014), KLRG1* cells are
excluded from the Trm cell population, and adoptive transfer experiments of KLRG1™ and
KLRGL1* effector CD8* T cells suggest that Trm cells derive from KLRGL1~ precursor cells
(Mackay et al., 2013). However, temporal, spatial and proportional limitations of adoptive
transfer experiments in previous studies may have led to underestimate KLRG1* effector
CD8™* T cell plasticity, and its impact on protective immunity at barrier sites. By using in
vivo fate mapping, we demonstrate that effector CD8* T cells that have previously expressed
KLRG1 are able to migrate into tissue barrier sites, upregulate markers of tissue residency,
and represent up to 50% of the Trm cell pool in the liver, lung, skin, and small intestine.
Similar to circulating exKLRG1 memory CD8* T cells, exKLRG1 Trm cells express higher
levels of GzmB compared to KLRG1™ Reporter™ Trm cells. These results indicate that Trm
cells with distinct functional characteristics originate from two different effector cell
populations, namely from effector cells that have previously expressed KLRG1, and
KLRG1™ effector cells, although when and where KLRG1* effector cells downregulate
KLRG1 to become exKLRG1 Trm cells remains unclear. Following oral infection with LM,
as much as 70% of CD103~ CD69* Trm cells in the small intestine epithelium are
exKLRG1 cells, suggesting that exKLRG1 and KLRG1™ Reporter™ Trm cells. Because
CD103" and CD103* Trm cells may be differentially localized (Bergsbaken and Bevan,
2015), it is suggested that exKLRG1 and KLRG1™ Reporter™ Trm cells may, in part, seed
distinct niches. In contrast to KLRG1* memory cells, exKLRG1 memory cells express
CXCR3, which has been shown to promote the formation of Trm cells (Fernandez-Ruiz et
al., 2016; Shin and Iwasaki, 2012). This may allow exKLRGL1 cells to enter the epithelium,
gain close contact to IL-15-producing cells at barrier sites, and thereby receive the necessary
signals for survival and tissue residency (Mortier et al., 2009).

In summary, we demonstrate that developmental plasticity of KLRG1* effector CD8* T cells
is a driving force in promoting phenotypic and functional diversity among Tcm, Tem and
Trm cells. KLRG1™ IL-7Ra* Tmpe cells with a multi-lineage memory potential are a
heterogeneous population, containing cells with a history of KLRG1 expression. These
findings redefine our understanding of effector-to-memory CD8* T cell differentiation and
the generation of functional heterogeneity, and could help facilitate the development of more
effective T cell-based therapies and vaccines against malignancies and infectious diseases.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Richard A. Flavell (richard.flavell@yale.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

OT-1 (Jax 003831), UBC-GFP (Jax 004353), Rosa26¢Y" (Jax 006148), Rosa26tTomato (Jax
007908) mice were obtained from the Jackson Laboratory and Rag2~”~ mice (RAGN12)
were obtained from Taconic Biosciences. Bach2/10X/flox and Rosa2652¢h2 mice have been
described previously (Kometani et al., 2013; Kuwahara et al., 2016). C57BL/6-Ly5.2/Cr
(CD45.1) congenic mice were obtained from the National Cancer Institute. C57BL/6 mice
were obtained from the National Cancer Institute, Charles River Laboratories and CLEA
Japan. All animal studies were performed in accordance with the guidelines of the Office of
Animal Research Support of Yale University and the Animal Experiment Committee of the
RIKEN Yokohama Institute.

Generation of Klrg1C'® Mice

Klrg1€" mice were generated with a standard cloning strategy. Homologous arms of the
Klrg1 locus were isolated from genomic DNA by PCR. A 2.5 kb fragment containing exons
4 and 5 was used as the 5’ homology region and a 2.7 kb fragment containing 3’UTR was
used as the 3’ homology region. The homologous arms were cloned into a reporter plasmid
containing a Frt-flanked Neomycin resistance gene (Neo), a thymidine kinase, and a
fragment encoding an IRES-eGFP-iCre fusion protein. The reporter cassette was introduced
immediately after the stop codon to avoid disruption of cis-regulatory elements in the 3
UTR and the polyadenylation signal. The targeting vector was electroporated into C57BL/6-
derived JM8A ES cells. After the selection with G418, correctly targeted clones were
identified by PCR. To obtain chimeric mice, correctly targeted ES clones were injected into
C57BL/6 blastocysts, which were then implanted into CD1 pseudopregnant foster mothers.
Male chimaeras were bred with C57BL/6 to screen for germline transmitted offspring.
Germline transmitted mice were bred with FLPo (Jax 011065) mice to remove the Neo gene.

Generation of Bach2F!29 Mice

To generate Bach2 %9 mice, homologous arms of the Bach2 locus were cloned from
genomic DNA by PCR. A 6.5 kb fragment was used as the 5 homology region and a 2.5 kb
fragment was used as the 3’ homology region. The homologous arms were cloned into a
reporter plasmid containing a Frt-flanked Neo gene, a diphtheria toxin A (DTA), and a
3xFlag-tag which was inserted after the first methionine. The targeting vector was
electroporated into C57BL/6-derived Bruce4 ES cells. After the selection with G418,
correctly targeted clones were identified by PCR. The targeted ES clones were injected into
blastocysts from BALB/c mice. The obtained chimeric mice were crossed with C57BL/6
mice to obtain germline transmitted animals. To remove the Neo cassette, the mice were
further crossed to CAG-Flpe mice (Kanki et al., 2006).

Adoptive Cell Transfer, Infection and Tumor Challenge

Spleen and peripheral LN were isolated from K/rg1¢e/* Rosa26!¢70mato/*QT-| or
Klrg1Cre/CreRosa 268 YFPYFPOT-1 mice on a Rag2 sufficient or deficient background. Single
cell suspension was generated by mechanical disruption and CD8* T cells were enriched by
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using EasySep™ Mouse Naive CD8* T cell Isolation Kit (STEMCELL Technologies) or a
biotinylated antibody cocktail (anti-B220 (RA3-6B2), anti-CD4 (RM4-5), anti-CD11b
(M1/70), anti-CD11c (N418), and anti-Gr1 (RB6-8C5) antibodies; BioLegend) and
MojoSort™ Streptavidin Nanobeads (BioLegend). Naive CD44!° CD62L" CD8* CD45.1*
Reporter™ OT-I cells were further purified by a cell sorter (BD Biosciences). A total of 0.5 -
1x10° naive OT-I cells were transferred into C57BL/6 mice (CD45.2), unless otherwise
indicated. One day after adoptive transfer, mice were infected intravenously (i.v.) with 1 x
10° recombinant L isteria monocytogenes expressing OVA (LM) (Pope et al., 2001), or 1 x
108 plaque-forming units (PFU) recombinant vesicular stomatitis virus expressing OVA
(VSV) (Kim et al., 1999). For oral LM infection, mice were orally infected with 1 x 108
CFU of LM. For tissue imaging, K/rg1¢"®*Rosa26/70mato/*QT-| mice were crossed with
UBC-GFP mice to detect transferred OT-1 cells. For co-transfer experiments, naive control
and Bach2 gene-manipulated OT-I cells, each with a different congenic marker, were mixed
at a 1:1 ratio and transferred into C57BL/6 mice. For the in vivo induction of BachZin naive
CD8* T cells, OT-1 Rosa26ERT2Cre/BachZ mice were administered orally with 2 mg of
tamoxifen (Sigma-Aldrich) in sunflower seed oil (Sigma-Aldrich) once daily for four
consecutive days, and Bach2-expressing GFP* naive OT-I cells were sorted 9 days after the
initial treatment. For rapamycin treatment, OT-1-engrafted mice were administered i.p. with
300 ug kg™* of rapamycin (Calbiochem) daily from day 8 to day 19 p.i. with LM.

CD45.17 effector or memory OT-I cells were enriched from the spleen of LM-infected mice
by using a biotin-anti-CD45.1 antibody and Streptavidin MicroBeads (Miltenyi Biotec), and
further purified by a cell sorter (BD Biosciences). For effector cell transfer experiments, 2 —
5 x 10° effector OT-1 cells were adoptively transferred into infection-matched WT mice. To
determine the ability of exKLRG1 memory cells to mediate secondary responses, 1 x 104
memory OT-I cells were adoptively transferred into naive WT mice that were infected i.n.
with OVA-expressing influenza A/PR8 virus (HIN1; FLU) one day later. The lungs were
collected 7-8 days p.i. and the amount of influenza virus RNA was determined by
quantitative RT-PCR. For the /n vivotumor experiment, naive WT mice were injected with
B16 melanoma expressing OVA (1 x 10° cells) (Falo et al., 1995) intradermally into the
flank. Five days later, memory OT-I cell subsets were transferred and the mice immediately
immunized with 10 ug of OVA (Worthington Biochemical) and 2 pg of poly(l:C) (GE
Healthcare) s.c. into the flank. Tumor growth was monitored by measurement of two
perpendicular diameters of the skin tumor (mm?2) by caliper every other day. To generate
cognate antigen-independent recall responses, OT-1 engrafted mice were reinfected i.v. with
1 x 106 wild-type Listeria (EGD) 90 days after primary LM infection.

Flow Cytometry

Fluorescent dye-labeled antibodies targeting Bcl2 (BCL/10C4), CCR7 (4B12), CD4 (RM4-
5), CD8a (53-6.7), CD43 (1B11), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD62L
(MEL-14), CD69 (H1.2F3), CD103 (2E7), CD107a (1D4B), CD127 (A7R34), CXCR3
(173), CX3CR1 (SA011F11), Eomes (Danllmag), FLAG (DYKDDDDK) (L5), Foxp3
(FIK-16s), Granzyme B (GB11), IFN-y (XMG1.2), IL-2 (JES6-5H4), Ki-67 (16A8),
KLRG1 (2F1), NK1.1 (PK136), T-bet (4B10), and TCF1 (C63D9) were purchased from
BioLegend, Thermo Fisher Scientific, BD Biosciences or Cell Signaling Technology. Rabbit
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anti-RFP (600-401-379 or 600-406-379) was purchased from Rockland. OVA-KP tetramer
was from MBL. For intracellular cytokine staining, splenocytes from infected mice were
stimulated with SIINFEKL peptide in the presence of Protein Transport Inhibitor (BD
Biosciences) or Brefeldin A (Biolegend) for 4-5 hours, followed by fixation and
permeabilization according to the manufacturer’s instructions (BD Biosciences). T-bet,
Eomes, Foxp3, and anti-tdTomato staining were performed by eBioscience™ Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The cells were analyzed on a LSRII or FACSCantoll (BD
Biosciences) and data were analyzed using FlowJo software (Tree Star).

Intravascular CD8* T Cell Staining

Mice were injected i.v. (retro-orbital) with 2 ug of anti-CD8a phycoerythrin antibody
diluted in 100 pL of sterile PBS as previously described (Anderson et al., 2014). Mice were
euthanized and tissues were collected five minutes after injection of the anti-CD8a. antibody.

Isolation of Lymphocytes from Non-Lymphoid Organs

Peripheral blood lymphocytes (PBLs) were isolated from retro-orbital vein of infected mice.
Liver and lung cell homogenates were digested for 1 hour at 37°C with digestion buffer
(RPMI 1640 + 5% FBS + 100 U/ml DNase | (Sigma-Aldrich) + 0.2 mg/mL Collagenase 1V
(Sigma-Aldrich)). Liver homogenates were centrifuged at 300 rpm for 3 min to remove
hepatocytes, and lung homogenates were run through a 70 um cell strainer (BD
Biosciences). Non-hepatic supernatant and lung lymphocytes were centrifuged at 1500 rpm
for 10 min. The cell pellet was resuspended in 1 mL of RPMI 1640 + 5% FBS and mixed
with 4 ml of 27.5% OptiPrep (Axis-Shield). To make a gradient, 1 mL of RPMI 1640 was
layered on top of the cells, and centrifuged at 2000 rpm for 20 min. Lymphocytes were
removed from the interface of the gradient. To isolate intraepithelial lymphocytes (IELS),
small intestines were opened longitudinally and washed. Small intestines were then cut into
short segments, which were transferred into 50 mL conical tubes, and incubated for 30 min
at 37°C with gentle shaking in RPMI 1640 containing 2% FBS, 2 mM EDTA, and 1 mM
dithioerythritol. Cell suspensions were passed through a 70 um cell strainer. The cells were
resuspended in 4 mL of 40% Percoll (GE Healthcare), and 4 mL of 80% Percoll was
underlayed in a 15 mL conical tube. Percoll gradient separation was performed by
centrifugation for 20 min at 600 x g at room temperature. IELs were collected at the
interphase of the Percoll gradient. Tumor-infiltrating cell were isolated with mechanical
disruption of the tumor through a 70 um cell strainer and resuspended in 40% Percoll
solution (GE Healthcare). Cells were collected from the interface of a 40:80 Percoll gradient
after centrifugation at 2000 rpm for 20 min.

Intravital Two-Photon Microscopy

Transferred K/rg1¢7€/*Rosa26"7omato/* YBC-GFP* OT-1 cells in the foot skin were imaged
by an inverted TCS SP8 multiphoton microscope (Leica Microsystems) equipped with an
HC FLUOTAR L 25x/0.95 W VISIR objective lens (Leica Microsystems) and four non-
descanned Hybrid Detectors (Leica Microsystems). Multiphoton excitation was provided by
a Chameleon Vision Il Ti:Sapphire laser (Coherent) tuned to 910 nm and a Chameleon
Compact OPO-converted Chameleon Ultra 1l Ti:Sapphire laser (Coherent) tuned to 1110
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nm. For image acquisition, 466 pm x 466 um x-y planes were scanned at a resolution of 0.9
um per pixel and images of 21-29 x-y planes with 3 um z spacing were formed after
averaging eight video frames for each x-y plane. Three-dimensional stacks were captured
every 30 s. Emission signals were separated by a dichroic mirror at 560 nm and then further
separated by a dichroic mirror at 495 nm. A 460/50-nm emission filter was used for DAPI
and second harmonic generation (SHG), a 525/50-nm emission filter for GFP, and a 585/40-
nm emission filter for tdTomato.

Tissue Clearing

Tissue clearing was performed as reported previously (Tainaka et al., 2014). Briefly, small
intestines and foot skins were fixed with 4% paraformaldehyde, washed with PBS, and then
immersed in Reagent 1 containing 25% urea (Nacalai Tesque), 25% N,N,N’,N’-tetrakis(2-
hydroxypropyl) ethylenediamine (Tokyo Chemical Industry), and 15% polyethylene glycol
mono-p-isooctylphenyl ether/Triton X-100 (Nacalai Tesque). Samples were stored at 4°C in
the dark until imaging.

RNA-Seq and Bioinformatics Analysis

ATAC-Seq

Memory OT-I cell subsets were isolated from the spleen 104-110 days p.i. with LM and 70
days p.i. with VSV. Total RNA was extracted from at least 1 x 10° cells derived from 5-8
mice using TRIzol™ reagent (Thermo Fisher Scientific). For OT-I memory cell subsets
isolated from LM-infected mice, the DNA library was constructed with a SureSelect Strand-
Specific RNA Library Prep for lllumina Multiplexed Sequencing (Agilent) according to
manufacturer’s instruction. The size range of the resulting DNA library was estimated on a
2100 Bioanalyzer (Agilent). After checking the molar concentration by gPCR using a KAPA
Library Quantification Kit (Kapa Biosystems), the DNA library was subjected to sequencing
on a HiSeq 1500 sequencer (Illumina) in a 49-bp single read mode. For OT-1 memory cell
subsets isolated from VSV-infected mice, the DNA library was subjected to sequencing on a
HiSeq 2500 sequencer (lllumina) in a 75 bp paired-end read mode.

The raw data were processed with CASAVA 1.8.2 (lllumina) to generate fastq files. The
sequence reads were aligned to the Mus musculus reference genome (GRCm38/mmZ10)
using TopHat2 version 2.0.8 (Kim et al., 2013). Cufflinks version 2.1.1 (Trapnell et al.,
2010) was used to calculate the fragments per kilobase of transcript per million fragments
mapped (FPKM). Principal component analysis (PCA) was performed with R (http://www.r-
project.org/), and visualization generated with ggp/ot2 package (Wickham, 2009). The Venn
diagram was generated with VennDiagram package (Chen and Boutros, 2011). To identify
differentially regulated genes, an absolute 1.5-fold-change difference between any two
samples and FDR (Benjamini-Hochberg) < 0.1 was used.

To profile open chromatin, we used the ATAC-seq protocol developed by (Buenrostro et al.,
2015). In brief, 5 x 104 naive and effector (8 days p.i. with LM) OT-I cell subsets from the
spleen were sorted, centrifuged in cold PBS buffer for 5 min at 500 g, resuspended in 100 uL
cold lysis buffer, and centrifuged immediately for 10 min at 500 g. The nuclei pellets were
resuspended in the transposition reaction mix (Nextera DNA Library Preparation Kit,
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I1lumina) and incubated at 37°C for 30 min. Immediately following transposition, a
MinElute PCR Purification Kit (Qiagen) was used to purify DNA. To amplify transposed
DNA fragments, PCR with barcoded PCR primers (Buenrostro et al., 2013) and NEBNext
High-Fidelity 2x PCR Master Mix (New England Biolabs) was performed. To reduce GC
and size bias in PCR, the appropriate number of PCR cycles was determined using gPCR.
The amplified library was purified using a MinElute PCR Purification Kit. ATAC-seq
libraries were sequenced using Illumina HiSeq2500 (75 bp; paired-end), at an average
sequencing depth per sample of 35 million reads.

Raw sequencing reads were first processed with cutadapt-1.8.3 (Martin, 2011) to trim
adapters. Bowtie-2 (Langmead and Salzberg, 2012) was used then to align the trimmed reads
to the mouse genome mm10 with default parameters. Duplicated reads were marked and
removed from the analysis with Picard MarkDuplicate tool (http://broadinstitute.github.io/
picard). Subsequently, BEDTools (Quinlan and Hall, 2010) was used to turn the alignment
file to a bed file, which was the input of MACS2 (Zhang et al., 2008) to call peaks and
produce BedGraph files. Visualizations of coverage on regions of interest were produced
with IGV (Robinson et al., 2011).

Quantitative Reverse Transcription PCR (RT-PCR) Analysis

RNA was reverse transcribed into a single-strand cDNA using SuperScript 111 Reverse
Transcriptase (Thermo Fisher Scientific). Quantitative RT-PCR was performed on a 7500
Fast Real-Time PCR system (Applied Biosystems) or a CFX96 Real-Time System (Bio-
Rad) using a SYBR FAST universal gPCR kit (KAPA Biosystems). Expression values were
calculated using the comparative threshold cycle method and normalized to mouse Actb.
Sequence-specific oligonucleotide primers were designed using Primer3Plus software,
gPrimerDepot or were described elsewhere (Dominguez et al., 2015; Endrizzi and Jameson,
2003; Pillai et al., 2016). The oligonucleotide sequences are listed in the STAR methods
section.

In Vitro Cell Cultures

Naive CD8" T cells were isolated from the spleen of C57BL/6J mice and were stimulated
with Dynabeads Mouse T-Activator CD3/CD28 (Life Technologies) in the presence of 5
ng/mL of rIL-2 (R&D) for 2 days. Where indicated, 20 ng/mL of rapamycin or 1.0 uM of
Foxol inhibitor (AS1842856; Calbiochem) was added to culture medium.

For retroviral transduction assay, naive CD8* T cells were stimulated as described above for
2 days and were spin-infected with retrovirus produced from pMCs-mock-IRES-GFP vector
or pMCs-Foxol-CA-IRES-GFP vector (Harada et al., 2010). 48 h after transduction, the
GFP* cells were sorted using a FACSAriall for quantitative RT-PCR analysis.

For the /in vitro IFN-y production assay, splenocytes were stimulated with rlL-12
(Peprotech; 50 ng/mL) in combination with rIL-15 (Peprotech; 50 ng/mL) or rIFN-a./p
(PBL Assay Science; 250 units/mL each) for 7 hours in the presence of Protein Transport
Inhibitor (BD Biosciences).
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Immunoblot Analysis

Cells were sorted and cell extracts were prepared using a Nuclear Extract Kit (Active Motif).
The cell lysates were separated on 5-20 % SDS-PAGE and transferred to a PVDF membrane
(Merck). The membrane was immunoblotted with anti-Bach2 (ab83364, Abcam), anti-
FLAG (M2, Sigma-Aldrich), and anti-Actin (C-11, Santa Cruz Biotechnology). The blots
were visualized with the SuperSignal™ West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific).

Statistical Analysis

All data were presented as mean * standard error of the means (SEM). Comparisons
between groups were analyzed by unpaired two-tailed Student’s #test or two-way ANOVA.
Statistical analysis was performed using Prism 6 (GraphPad). * £<0.05; ** P< 0.01; *** p
< 0.001; **** P< 0.0001.

Data and Software Availability

Next-generation sequencing data have been deposited in Gene Expression Omnibus (GEO)
under SuperSeries accession code GEO: GSE110707, which includes individual data sets
GEO: GSE110629 (RNA-seq; LM), GEO: GSE110706 (RNA-seq; VSV) and GEO:
GSE110876 (ATAC-seq).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

KLRGL1* IL-7Ra™ effector cells lose KLRG1 and differentiate into exKLRG1
memory cells

ExXKLRG1 memory cells comprise CX3CR1* circulating and CX3CR1~
tissue-resident cells

ExKLRG1 memory cells mount highly effective anti-viral and anti-tumor
responses

Bach2 promotes exKLRG1 memory CD8" T cell development
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Figure 1. Effector CD8* T Cells Lose KLRG1 Expression and Differentiate into Long-Lived
Memory Cells.

(A and B) Expression of KLRG1 and fate mapping in effector OT-I cells in the blood
following LM infection.

(C) Frequency of KLRG1*, exK LRG1 and KLRG1~ Reporter™ cells among OT-I cells in the
blood up to 120 days p.i. with LM.

(D) Percentage (top) and number (bottom) of OT-I cell subsets in the spleen and LN
following LM infection. The numbers indicate fold difference in cell number between days
10 and 120.

(E) Frequency of KLRG1", exKLRG1 and KLRG1~ Reporter™ cells among OT-I cells in the
blood up to 100 days p.i. with VSV.

(F) Percentage of KLRG1*, exKLRG1 and KLRG1~ Reporter™ cells among OT-1 cells in the
spleen and LN 100 days p.i. with VSV.

Mean + SEM are shown. Data are pooled from 2-4 independent experiments with 4-12 (C)
or 3-12 mice per time point (D), or are representative of 2-3 independent experiments with
3-5 mice per time point (A, E, F). See also Figure S1 and S2.
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Figure 2. KLRG1* Effector CD8" T Cells Differentiate into Long-Lived Trm Cells.
(A-C) Frequency and number of resident (i.v.”) and circulating (i.v.*) memory OT-I cell

subsets in the lung 60 days p.i. with LM. Circulating cells were identified by i.v. injection of
anti-CD8a antibody.
(D) Frequency of CD69" memory OT-I cell subsets in the liver 62 days p.i. with LM.

(E) Frequency and number of CD69* Trm cells in the liver 30 days p.i. with LM.

(F) Frequency and number of OT-I cell subsets in the intraepithelial lymphocyte fraction of
the small intestine (SI-IEL) 10 and 120 days p.i. with LM. Numbers indicate fold difference
in cell number between days 10 and 120.
(G) Expression of CD69 and CD103 in OT-I cell subsets in the SI-IEL of mice orally
infected with LM (day 42 p.i.).
(H) Frequency of CD103~ CD69* or CD103* CD69* memory OT-I cell subsets in the Sl-

IEL.

Mean £ SEM are shown. ** £<0.01, *** P< (0.001 and **** P< 0.0001 (unpaired two-
tailed Student’s #test). Data are representative of two independent experiments with 3 (A-
C), 4-5 (D, E), or 8 mice (G, H), or are pooled from 2-3 independent experiments with 4-9
mice per time point (F). See also Movies S1 and S2.
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Figure 3. ExXKLRG1 Effector CD8* T cells Express Cytotoxicity, Survival, and Proliferation
Molecules at an Intermediate Level.

(A) Expression of GzmB, T-bet, Ki-67, Bcl-2, and TCF-1 in splenic effector OT-1 cell
subsets 9-10 days p.i. with LM.

(B) Expression of effector and memory signature genes in splenic OT-I cell subsets 8-11
days p.i. with LM.

(C-E) Time-dependent expression of CX3CR1 and IL-7Ra in OT-I cell subsets in the blood
following LM infection.

(F) Normalized ATAC-seq signal profiles across 7 gene loci in splenic naive and effector
OT-I cell subsets (8 days p.i. with LM). Peaks differentially expressed between OT-I cell
subsets are highlighted in grey.

Mean + SEM are shown. * P< 0.05, ** P<0.01 and *** £< 0.001 (unpaired two-tailed
Student’s #test). Data are representative of 2—-3 independent experiments with 4-8 mice (A,
C), pooled from 2-3 independent experiments with 3—11 mice per time point (B, D, E), or 2
independent experiments with pooled cells from 2-3 mice (F). See also Figure S3.
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Figure 4. Developmental Plasticity of Effector CD8" T cell Subsets Following LM Infection.
(A) Expression of KLRG1, IL-7Ra and tdTomato in splenic effector OT-I cell subsets 6

days p.i. with LM (pre-transfer) and 22 days post-transfer (day 28 p.i.).

(B) Development of exXKLRG1 memory cells (day 28 p.i.) from three different effector OT-I
cell subsets 6 days p.i. with LM.

(C) Expression of KLRGL1, IL-7Ra, tdTomato, CD62L and CX3CRL1 in splenic effector OT-I
cell subsets 9 days p.i. with LM (pre-transfer) and 26 days post-transfer (day 35 p.i.).

(D) Development of exKLRG1 memory cells (day 35 p.i.) from three different effector OT-I
cell subsets 9 days p.i. with LM.

(E) Expression of CX3CR1 and CD62L in KLRG1" and exKLRG1 memory cells 26 days
post transfer of day 9 Tdpe cells. Host CD8* T cells served as a control (gray line).

(F) Expression of CX3CR1 and CD62L in exKLRG1 and KLRG1™ Reporter” memory cells
26 days post transfer of day 9 Tmpe cells. Host CD8* T cells served as a control (gray line).
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Mean + SEM are shown. * £< 0.05 and ** £< 0.01 (unpaired two-tailed Student’s £test).
Data are representative of two independent experiments with 3—4 mice. See also Figure S4.
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Figure 5. EXKLRG1 Memory Cell Subsets Retain High Cytotoxic Capacity and Responsiveness
to IL-12.

(A and B) Production of IFN-y in splenic Tem (KLRG1* CD62L~ or KLRG1™ CD62L")
and Tcm (KLRG1™ CD62L*) OT-1 cells (A) or Tem (KLRG1™ CX3CR1* CD62L7) and Tcm
(KLRG1™ CX3CR1* CD62L*) OT-I cells (B) following stimulation with IL-12 (density
plots), IL-12 + IFNa/p or I1L-12 + IL-15 for 7 hours in vitro.

(C) Memory OT-I cells were generated as described in Figure S1E and mice were challenged
90 days later with Listeria monocytogenes, which did not express OVA. Production of IFN-
v in Tem (KLRG1* CD62L" or KLRG1™ CD62L"~) and Tem (KLRG1™ CD62L*) OT-I cells
in spleen and liver (density plots) 12 hours after rechallenge.

(D) Expression of GzmB in circulating memory (KLRG1*CD69~ or KLRG1~CD697) and
Trm (KLRG1-CD69") cells within the endogenous OVA-tetramert CD44N CD8* T cell
population in the liver 108 days p.i. with LM.

(E) Expression of GzmB in KLRG1™ Reporter- Trm and exKLRG1 tetramer™ Trm cells in
the liver 108 days p.i. with LM.

(F) Expression of GzmB in KLRG1™ Reporter™ Trm and exKLRG1 Trm cells within
intraepithelial CD103* CD69* and CD103~ CD69* OT-I cell subsets 42 days after oral
infection with LM (n=8).

Mean + SEM are shown. * P< 0.05, ** P<0.01, *** < 0.001 and **** P < 0.0001
(unpaired two-tailed Student’s #test). The data are representative of two (C-F) or three (A,
B) independent experiment with 3—7 mice. See also Figure S5.

Immunity. Author manuscript; available in PMC 2019 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Herndler-Brandstetter et al. Page 30

A Recall response * skirett D
i Influenza 100 ** @ exKLRG1 KLRG1™_
okl i S Melanoma ind i, AKLRGT . KLRG1'  exKLRG1 _Reporter
Irg osa. . Reporter 3.82 2.04
LM KLRG1" "t L2 m “T -
y .. A [©]
2 'y ,._%_,_.z.exxmew Y % Z 10 % i
WT -1 0 30+ days KLRG1" ; 104 . & <
p.i. Reporter” @& 10| 9 s_ 65.4 28.7
wT o 4 CD107a >
E m KLRG1" F -0-No transfer G = KLRG1*
o exKLRG1 & KLRG1" e exKLRG1
A KLRG1" Reporter’ @ exKLRG1 A KLRG1 Reporter”
4 KLRG1 Reporter” LN
100, X - * 300 1.00
S g wl® e el T 20 2 -
2™ N i E 200 * B o071,
3 - 8 60 ° r 3. N
W° 50 ° , n A & 150 i . o ® 050 .
= -&fe- © ell transfer+
Q ° 5 4 % & 1004 GVA/Poly:IC #* 109
X 25 4 2 £ R G025
g Q2 S 50 5
4 A O ~ e

0

=4
Q
S

=}

Il T T T T T T T
0 5 7 9 11 13 15 17
Days after tumor inoculation

Figure 6. EXKLRG1 Memory CD8" T cells Mount Potent Anti-Influenza and Anti-Tumor
Responses.

(A) Schematic of the adoptive transfer and infection experiments.

(B) Mice receiving memory OT-1 cell subsets were challenged i.n. with OVA-expressing
influenza virus (FLU). Seven days later, the number of effector OT-I cells in the lung was
determined.

(C) Viral RNA in the lung 7 days p.i. with FLU was determined by quantitative RT-PCR.
(D and E) Expression of KLRG1 and CD107a in effector OT-1 cell subsets in the lung 7 days
p.i. with FLU.

(F) Tumor size of mice s.c. injected with melanoma cells (B16-OVA) followed by adoptive
transfer of memory OT-I cell subsets.

(G) Percentage of transferred OT-1 cells within total CD8* T cells in the LN, spleen and
tumor at day 17 after tumor inoculation.

Data were analyzed by unpaired two-tailed Student’s #test (B, C, E) or two-way ANOVA
(F). Mean £ SEM are shown. * £<0.05, ** < 0.01 and *** P< 0.001. Data are pooled
from 2-3 experiments with 10-11 mice (B and C), or representative of two (D, E) or three
(F, G) independent experiments with 3—-4 (D, E) and 5-6 (F, G) mice.
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Figure 7. Bach2 Supports the Differentiation of KLRG1" Effector Cells into EXKLRG1 Memory

Cells.

(A) Naive Klrg1Cre/* Rosa26/97omato/* Bach2*/* and Klrg1Ce/* Rosa26td7omato/* Bach2~/~ OT-
I cells from different CD45 congenic backgrounds were co-transferred into WT mice,
followed by infection with LM one day later. The number of exKLRG1 Tcm and exKLRG1
Tem OT-I cells in the spleen 30 days p.i. with LM is shown.

(B) Percentage of exKLRG1 cells among Reporter* donor OT-I cells in the spleen 10 and 30

days p.i. with LM.

(C) Schematic of the experimental protocol for (D-F). Tamoxifen was injected for four
consecutive days to induce Cre-dependent Bach2 expression in OT-1 Rosa265R72Cre/Bachz
mice. After 9 days, Bach2-expressed GFP* naive OT-I cells were sorted, mixed with
R0sa265RT2Cre’* najve OT-1 cells at a 1:1 ratio, and transferred into C57BL/6 mice followed
by infection with LM one day later.
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(D) Relative frequency of Rosa26ERT2CTe/* and Rosa265RT2Cre/Bach OT-| cells 10 and 30
days p.i. with LM in the LN, spleen and liver.

(E and F) Expression of CD62L, KLRG1, Ki-67 and Bcl-2 in Rosa26ER72Cre/* and
Rosa26ERT2Cre/Bach OT-| cells 10 days p.i. with LM.

(G) Schematic of the experimental protocol for (H).

(H) Expression of KLRG1 and Reporter in OT-1 cells post-transfer of day 10 KLRG1*
effector OT-I cells into infection-matched WT mice (32 days p.i. with LM).

(1) Naive Klrg1Cre*Rosaz6/@Tomato/* and Kirg1¢e/* Rosa26tdTomato/Bach2 QT cells from
different CD45 congenic backgrounds were co-transferred into WT mice, followed by
infection with LM one day later. The number of KLRG1*, exKLRG1 and KLRG1 Reporter
~ OT-I cells in the spleen at days 10 and 70 p.i. with LM is shown.

(J) Percentage of exKLRG1 cells among Reportert OT-1 cells in the spleen 70 days p.i. with
LM.

(K) Number of exKLRG1 Tcm and exKLRG1 Tem OT-I cells in the spleen 70 days p.i. with
LM.

Mean + SEM are shown. * P< 0.05, ** P<0.01, *** P<0.001, **** £<0.0001 (unpaired
two-tailed Student’s #test). Data are representative of two independent experiments with 5
(D-H) or 4-10 (A, B, I-K) mice. See also Figure S5, S6, and S7.
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