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Abstract:

{

CD8 T cells ire cytotoxic molecules including granzyme B during effector differentiation.
Both tissu emory CD8 T cells (Trm) and circulating CD45RA+ effector-type T cells
N

(Temra) c@lls have the ability to retain granzyme B protein expression into the memory

phase, buffit is Qclear how this persistence of cytolytic activity is regulated during steady

G

state. Pre we have described that the transcriptional regulators Hobit and Blimp-1

S

have over ing target genes that include granzyme B, but their impact on the regulation

of cytoto i@ Trm and Temra cells during homeostasis has remained unclear. We

J

examinedfthe expression regulation of Hobit and Blimp-1 in murine and human CD8 T-cells

f

to determ jr timeframe of activity. While Blimp-1 mRNA was expressed throughout

o

effector a ory T cells, Blimp-1 protein, was only transiently expressed during the

effector s contrast, Hobit mRNA and protein expression was stably maintained

\'{

during , but downregulated after activation. Notably, Blimp-1 was required for

expressiogy of granzyme B in murine effector T cells and Trm, while Hobit specifically

f

regulated e B in murine Trm during the memory phase. These findings suggest that

O

Blimp-1 in cytotoxic effector function and that Hobit maintains cytotoxicity in a

deploymeft-ready modus in Trm.

th

Introduction:

U

A

CD8 T cells e an important line of immune defense in viral infection through their
ability to eliminate infected cells in an antigen-specific manner. Naive CD8 T cells that

recognize viral antigens are triggered to proliferate and differentiate into effector cells
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within the lymph nodes. The effector cells migrate to the site of infection, where they

produce pro-inflammatory cytokines, including IFN-y and TNF-a, and cytotoxic molecules

{

that assist 4 rance of infected cells. Effector CD8 T cells engage two major pathways to
induce kil et cells that are mediated through surface-expressed death receptors
H

such as th@ FasL/Fas and Trail/Trail-R ligand/receptor pairs and through secretory granules

E

containin@\ and granzymes (1,2). Recognition of antigen in the context of MHC class

I moIeculwrs CD8 T cells to establish an immunological synapse with target cells that
he di

enables t rectional release of cytotoxic granules and results in killing of infected cells,
but not oEcted cells. Granule-dependent cytotoxicity is driven by the pore-forming
protein, p@which enables the release of proteolytic granzymes into the cytoplasm of
target cell ymes consist of a family of serine proteases, of which granzyme A and B
have mosm/ been associated with the induction of cytotoxicity (3). In mice, the
importance nule-mediated cytotoxicity has been shown by targeted disruption of
perforif; pairs viral clearance after infection with lymphocytic choriomeningitis
virus (LCI\s) and increases the incidence of carcinogen-induced and spontaneous cancers
(4,5). The of deficiency in granzyme A or B are similar, but less dramatic than those

of perforin lon, suggesting substantial redundancy between members of the granzyme

family @C
et

After clearance @f the infection, the effector population contracts into long-lived memory
popula{ enable more powerful responses upon secondary challenge. Central
memory (Tcm);*@fifector memory (Tem) and CD45RA+ effector-type cells (Temra) have been
identified as separate long-lived CD8 T cell subsets that are maintained during quiescence in

human peripheral blood (7,8). The peripheral tissues including the epithelial layers of skin,
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lungs and intestine, but also internal organs such as brain, liver and kidney harbor tissue-

resident memori CD8 T cells (Trm) that form separate populations distinct from the

circulatin em and Temra populations (9). Tcm and Tem are important for immune
surveillan lymphoid and peripheral tissues, respectively. These memory
H

populatioRs_effectively mount secondary effector responses upon pathogen re-encounter

]

(8). In conitrast, Wrm and Temra have limited proliferative capacity and provide protection

©

against re-'fmn through their superior potential to rapidly up-regulate effector functions

including the production of pro-inflammatory cytokines (7,10-12).

In contras to eﬂ‘ector cells, memory cells are maintained long-term in the absence of

antigenic mmmatory stimuli, which places constraints on the continuous production

of effecto

in in somElations of memory cells compared to effector cells (13). Tcm and the
majori o not express granzyme B and perforin at the protein level, although

epigeneti:semodeling of the granzyme B locus suggests that it is more easily accessible in

les. Therefore, granzyme B-driven cytotoxicity is strongly down-regulated

these cichmemory cells compared to naive cells (14,15). Indeed, Tcm and Tem
€

maintain d expression of granzyme B mRNA compared to naive cells, but require
additionalSsignals to up-regulate granzyme B protein and establish cytotoxicity (13). Temra
and Trm border patrol of the endothelial and epithelial tissues, respectively, and
therefore, requir@ the persistence of direct effector functions to eliminate infected cells. In
contra?{nd Tem, Temra have been shown to express granzyme B and perforin at
the protein and are able to kill specific target cells without prior activation (7),
suggesting that these cells display immediate cytotoxic potential after encounter of infected

cells. Similarly, Trm that develop in the small intestine and brain after acute infection with
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LCMV have been reported to express granzyme B during quiescence (16,17). Thus, a

substantial fraction of the long-lived CD8 T cell populations has the potential to immediately

==

engage gr B-driven cytotoxicity.

I
For the improvement of CD8 T cell therapies, it is highly relevant to understand how the

immediat@ic potential is maintained in the memory phase. However, at present, the
regulationgof nzyme B-driven cytotoxicity in Temra and Trm populations is unclear.
Previously, we have demonstrated that Hobit is a transcriptional regulator that drives the
expressio zyme B in NKT cells (18). Interestingly, the expression of Hobit perfectly
aligns witfl long-lived cytotoxic populations, as Hobit is specifically upregulated in Trm and
human Te s within the CD8 T cell lineage (19,20). Hobit is highly homologous to the
transcripti or Blimp-1, which has previously been shown to induce terminal

differentiati he B and T cell lineages (21). Furthermore, Blimp-1 is also involved in the
acquisi full repertoire of effector functions, as it induces the production of

granzymes in CD8 T cells during the peak of the primary response (22-24). Effector CD8 T

cell differ is under the control of a set of transcription factors that collaboratively
regulate th aration of the short-lived effector (SLEC) and memory precursor (MPEC)
lineag imp-1 essentially contributes together with T-bet, Id2 and Notch to the

develoWLECs (22-26). We therefore examined the roles of Hobit and Blimp-1 in the
instruction of c;ﬁoxicity in CD8 T cells. Strikingly, we found that the Hobit and Blimp-1
driven r n of granzyme B expression is initiated at different stages of CD8 T cell

differentiation:
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Results:

Resident CD8 T cells maintain expression of cytotoxic molecules and cytotoxicity

Circulatingns of memory CD8 T cells in mice do not maintain the capacity to
N

immediat& Ixse target cells (13). To determine the cytotoxic potential of Trm, we analyzed

the abiIit‘of Lyv-specific CD8 T cells to mediate lysis of EL4 target cells loaded with

cognate pmGiven that sizeable populations of both Tem and Trm are present in the

liver after infection, we analyzed the cytotoxic potential of these subsets. Virus-
specific Trmyed cytotoxic activity within 4 hours after stimulation in contrast to virus-
specific Tﬁ, which did not (Fig. 1A). Both Tem and Trm killed target cells after 24 hours

(Fig. 1B), mng that Tem, despite the lack of immediate killing capacity can acquire
effe

cytotoxic function at later time-points. To study how Trm maintain the capacity to
directly em totoxicity, the expression of cytotoxic effector molecules in memory CD8
T cells zed at late time-points after LCMV infection. Comparison of memory

populatios after LCMV infection using RNA sequencing showed that Ifng and cytotoxicity-

associate ules including Gzmb (granzyme B), Gzmk (granzyme K), Fasl (Fas ligand)
and Tnfsf1 il) were strongly upregulated in gut and liver Trm compared to circulating
memor, jons (Fig. 1C). To further study the expression of cytotoxicity-associated

moIecuMprimary CD8 T cell responses, virus-specific CD8 T cells were followed over

time after acut;;fection with LCMV WE and LCMV Armstrong. The expression of granzyme

B protei etectable in effector CD8 T cells at day 8 post infection (p.i.) in spleen, liver

and gut (Fig. and E; Suppl. Fig. 1A). Expression of granzyme B protein was partially

’

maintained within LCMV-specific Trm from liver and gut, but not within LCMV-specific Tem

from spleen and liver (Fig. 1, D-F; Suppl. Fig 1B). Similar to granzyme B, Fas ligand protein

This article is protected by copyright. All rights reserved.
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was enriched on liver Trm compared to Tem (Fig. 1G). In contrast, protein expression of Trail

was not detectable on these memory populations in contrast to resident NK cells (Fig. 1H;

Suppl. Fig, anzyme B and Fasl mediate important pathways that enable cytotoxic T

cells to el get cells (1,2), suggesting that Trm in contrast to circulating memory
H

cells main€gin expression of these cytotoxic molecules at the protein level thereby enabling

the directf€limindtion of infected cells after secondary infection.

Blimp-1 pms transiently expressed in effector CD8 T cells to induce granzyme B
expressio:

Blimp-1 iﬂportant transcriptional regulator of cytotoxicity in effector CD8 T cells
through it ial role in the induction of granzyme B expression (22-24,27). Blimp-1 is
induced imcells during effector differentiation (22,23). Transcriptional expression of
Blimp-1 is ined in memory CD8 T cells (22,23) including Trm (19), suggesting that
Blimp- mediate transcriptional regulation of granzyme B in Trm. We assessed the
contributis of Blimp-1 to the regulation of granzyme B expression in the memory phase
using LC trong rather than LCMV WE, as Blimp-1 deficient mice were only able to

clear infec ith this LCMV strain (unpublished observations). In line with previous

1

finding limp-1 was required for granzyme B expression in effector CD8 T cells at

day 8 awinfection (Fig. 2, A and B). Strikingly, the expression of granzyme B in Trm
of liver and ;ut ;day 36 p.i. was also largely dependent on Blimp-1 (Fig. 2, C and D). Blimp-
1 deficie not compromise Trm formation, suggesting that Blimp-1 was essential for
granzyme B e ssion rather than for the formation of granzyme B+ Trm (Suppl. Fig. 3, A-
D). The timing of the requirement for Blimp-1 in the regulation of granzyme B expression in

Trm was unclear. Given that Blimp-1 is already required for granzyme B expression during
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7



the effector stage, it was possible that the early defect in Blimp-1 deficient effector CD8 T

cells is retained in Trm. To address at which time-point Blimp-1 is most relevant, we

analyzed t igetics of Blimp-1 expression during CD8 T cell differentiation. Blimp-1 GFP
and YFP r e have been used to identify the expression profile of Blimp-1in CD8 T
N

cells (23,28). In line with reported data using Blimp-1 reporter mice, we found that Blimp-1

1

MRNA is @ip-reglllated in effector CD8 T cells and maintained in effector memory and

G

resident CD8 T cell populations (Fig. 3A). Blimp-1 expression also persists in central

S

memory CD8 T cells, but at lower levels compared to effector CD8 T cells (Fig. 3A). Given

U

that expr f Blimp-1 protein rather than mRNA is critical for Blimp-1 activity, we

analyzed Blimp-1 at the protein level using flow cytometry. As expected, we observed

[

Blimp-1 p pression in plasma cells within the bone marrow (Fig. 3, B and C; Suppl.

d

Fig. 4A and“5);%A SLECs and MPECs of spleen (Fig. 3, D and E; Suppl. Fig. 4B and 6) and in

effector CD Is of the liver and small intestine (Fig. 3, F and G; Suppl. Fig. 4C), but not in

A

naive ithin the same tissues. However, memory CD8 T cells including Tcm and

Tem popullations in spleen (Fig. 3, H and [; Suppl. Fig. 4D), and Tem and Trm populations in

[

the liver Il intestine (Fig. 3, J and K; Suppl. Fig. 4E) displayed undetectable or low

0

expression imp-1 protein. Thus, Blimp-1 protein in contrast to Blimp-1 mRNA is

transie

1

d in CD8 T cells during effector differentiation, suggesting that Blimp-1

acts ea

1

e regulation of cytotoxicity. Therefore, the compromised granzyme B

3

production in Blihp-1 deficient Trm appears to result from the early defect in the effector

stage.

A
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Hobit drives granzyme B expression during the memory phase in Trm

In mice, exiression of Hobit, similar to that of granzyme B is confined to Trm within the CD8

T cell Iimndicating that the close association between these molecules is

conserve ice and humans. As previously published (19), Hobit does not impact
H

on Trm fomation on its own (Suppl. Fig. 7, A-D), which provides opportunity to study the

1

role of th'tr@iption factor in the regulation of granzyme B in Trm. Hobit, in contrast to
Blimp-1, required for granzyme B expression in effector CD8 T cells at day 8 after
LCMV-WE infection (Fig. 4, A and B). However, the expression of granzyme B in Trm of liver
and gut am p.i. was largely dependent on Hobit (Fig. 4, C and D). We observed that
expressio@nzyme B was compromised at the RNA level in Trm of Hobit KO mice,
suggestin bit was essential for the transcriptional regulation of granzyme B (Fig. 4E).
Granzyme B'is'S€0red together with the pore-forming molecule perforin in secretory vesicles
that contalélysosomal protein LAMP-1/CD107a (13). In contrast to granzyme B, the
expres orin was not dependent on Hobit (Fig. 4F). Peptide re-stimulation of virus-

specific célls at day 61 after LCMV infection induced normal degranulation of CD107a+

vesicles in rived Trm in the absence of Hobit (Fig. 4, G and H), indicating that Hobit
controls cy icity specifically through the transcriptional regulation of granzyme B
expres@ was also not involved in the regulation of other cytotoxic molecules
includin uppl. Fig. 8, A and B). These findings show that Hobit specifically regulates

granzyme B ex;ssion in CD8 T cells at late time-points after infection. Thus, whereas

Blimp-1 j atory for the induction of granzyme B expression, Hobit rather than Blimp-1
appears impo for the long-term maintenance of granzyme B expression in memory CD8
T cells.

This article is protected by copyright. All rights reserved.
9



Blimp-1 induces and Hobit maintains granzyme B expression in NKT cells

To examine whether the Hobit and Blimp-1 driven regulation of granzyme B expression was
conservedmymphocyte subsets, we analyzed the role of these transcription factors
in NKT celfs? s were taken for comparison, as we have shown previously that these

H

cells shar& Hobit and Blimp-1-driven transcriptional program of tissue residency with Trm
(19). We @ressed the expression regulation of Blimp-1 in NKT cells. Blimp-1 mRNA
expressiomorted using Blimp-1 GFP mice, was found in NKT cells under steady state

and persisted "at reduced levels in NKT cells after antigenic stimulation with a-

galactocerEa-GalCer; Fig. 5A; Suppl. Fig. 9). In contrast to Blimp-1 mRNA, Blimp-1

protein wi@s not abundant in NKT cells under steady state conditions, but was strongly

induced a imgwivo activation with a-GalCer (Fig. 5B). To study the maintenance of Blimp-1
expression, ells were stimulated in vitro with anti-CD3/28 and IL-2 and subsequently
rested in IL- imp-1 mMRNA expression was maintained during culture as evidenced using
GFP ex Blimp-1 reporter mice (Fig. 5C). At the protein level, Blimp-1 was present

2 days, bl!not 6 days, after removal of antigen (Fig. 5D). These findings suggest that Blimp-
1 protein i iently induced in NKT cells after antigenic activation. Thus, the regulation of
Blimp-1 ex lon appears to be conserved between CD8 T cell and NKT cell lineages. A

subset&cells up-regulated granzyme B expression after in vivo antigenic activation

with a-m3 days (Fig. 6, A and B). The expression of granzyme B in NKT cells under
these conditio;;A/as largely dependent on Blimp-1, as shown by the strongly impaired
granzym ponse in Blimp-1 deficient compared to WT NKT cells (Fig. 6, A and B). We
have previous own that thymic NKT cells express granzyme B during steady state in a
Hobit dependent manner (18). These findings suggest that Hobit regulates granzyme B in

NKT cells under resting conditions and Blimp-1 after antigenic stimulation. After in vitro

This article is protected by copyright. All rights reserved.
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stimulation with anti-CD3/28 and IL-2 NKT cells also up-regulated granzyme B and

expression was dependent on Hobit and Blimp-1, but only partially (Fig. 6, C and D). We

=7

made use red NKT cells to determine the maintenance requirements of granzyme B

expression® ally marked NKT cells were analyzed more than 2 weeks after adoptive
H

transfer i recipient mice. Hobit or Blimp-1 deficient NKT cells were normally maintained

comparec@ NKT cells, as published previously (19). Expression of granzyme B was
persistent4 and Blimp-1 deficient NKT cells. In contrast, Hobit deficient NKT cells
largely os%is'on of granzyme B (Fig. 6, E and F). Thus, Hobit rather than Blimp-1
mediates i

Regulatio imp-1 expression in human CD8 T cells

In contramulating memory CD8 T cells in mice, a large fraction of memory and
effectoE T cells (Temra) from human peripheral blood express high levels of
granzy perforin protein under steady state conditions (29). The transcription

factors inSIved in the regulation of granzyme B and perforin expression in quiescent

ce of granzyme B expression in NKT cells.

memory ctor-type CD8 T cells remain unclear. To determine the potential role of
Blimp-1 in process, we examined the expression of Blimp-1 in cytotoxic CD8 T cell
popula@mans. For this purpose, we set up an in vitro culture protocol of human
CD8T CWA). We found that Blimp-1 mRNA was expressed in memory and quiescent
effector-t;;e C; T cells in contrast to naive CD8 T cells (Fig. 7B), as previously reported
(30). Despi e abundant presence of Blimp-1 mRNA, we observed that Blimp-1 protein
expression wa arly absent in memory CD8 T cells (Fig. 7C). Although activation using anti-
CD3/28 antibodies in combination with IL-2 did not further increase expression of Blimp-1

MRNA in memory CD8 T cells (Fig. 7B), Blimp-1 protein was strongly induced in these cells

This article is protected by copyright. All rights reserved.
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(Fig. 7C). These findings suggest that Blimp-1 activity in memory cells is regulated at the

protein level and requires antigenic stimulation. To study the maintenance of Blimp-1

expressiomvation, we initially stimulated naive human CD8 T cells using anti-

CD3/28 a , re resting them in the presence of the homeostatic cytokine IL-15 (Fig.
H

7A). NaivelCD8 T cells upregulated Blimp-1 mRNA and protein after stimulation (Fig. 7, B and

4

C). After r@sting @f the cells, Blimp-1 mRNA expression was largely maintained (Fig. 7D), but

€

Blimp-1 pr, pression was rapidly lost (Fig. 7E). The longitudinal analysis indicated that

S

Blimp-1 persists at the mRNA level, but not at the protein level after removal of antigenic

3y

stimuli, s g that Blimp-1 activity is confined to situations where TCR-stimulation

occurs. T@ken together, these findings suggest that alternative Blimp-1 independent

f

pathways granzyme B expression and cytotoxicity in CD8 T cells during quiescence

d

in human and use CD8 T cells.

M

Hobit i in granzyme B producing human CD8 T cells under resting conditions

Granzym clustered together with Hobit in microarray analysis of human memory and

[

long-lived r-type CD8 T cells, suggesting a role for this transcription factor in the

0

regulation o otoxicity during quiescence (20,30). To address these findings at the protein

h

level, -stained CD8 T cells from human peripheral blood for Hobit and granzyme B.

Underli

|

ranscriptional profiling, a strong association between Hobit and granzyme

3

B was found at protein level. The majority of Hobit+ CD8 T cells co-expressed granzyme

B and vi the majority of granzyme B+ CD8 T cells co-expressed Hobit (Fig. 8, A and B;

Suppl. Fig. 1 8 T cells that expressed both Hobit and granzyme B, also contained high
amounts of perforin (Fig. 8, C and D), suggesting that they have the machinery for

immediate cytotoxicity. Interestingly, Hobit+ CD8 T cells that did not express granzyme B

This article is protected by copyright. All rights reserved.
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contained perforin, although at lower levels than those that expressed granzyme B (Fig. 8, C
and D). These cells expressed high amounts of granzyme K instead of granzyme B (Fig. 8, C

and D), su ing that Hobit identifies separate cytotoxic populations that express either

granzyme g quiescence.
[ |

I
-

Antigenic@ion down-regulates Hobit expression in human CD8 T cells

To establj ther Hobit was expressed in cytotoxic CD8 T cells after antigenic
stimulatiomé CD8 T cells were stimulated with anti-CD3/28 and IL-2 for 3 days and
Hobit expaas analyzed. In contrast to Blimp-1, Hobit was not induced at the mRNA
or protei@ naive CD8 T cells after TCR stimulation (Fig. 9, A-C). To address whether
Hobit+ eff pe CD8 T cells maintained Hobit expression after activation, we stimulated
the cells imith anti-CD3/28 and IL-2. In contrast to Blimp-1, Hobit was strongly down-
regulated in tor-type CD8 T cells after 3 days of stimulation with anti-CD3/28 and IL-2
(Fig. 9, . amine whether the down-regulation of Hobit was a direct effect of T cell

activationfgwe briefly cultured effector-type CD8 T cells in the presence of PMA and

ionomycierRNA was strongly down-regulated in effector-type CD8 T cells as early as

4 hours aft tivation with PMA and ionomycin (Fig. 9D). Hobit protein was also down-
regulal&tor—type CD8 T cells after 4 hrs of PMA and ionomycin stimulation, but the
down-r was not complete at this early time-point (Fig. 9, E and F). To determine

whether the ex;ssion regulation of human Hobit was similar in vivo, we followed HCMV-
and EB{CDS T cells over time after primary HCMV and EBV infection in kidney
transplant recipi@nts. HCMV-specific CD8 T cells (HCMV-TPR) and EBV-specific CD8 T cells
(EBV-EPL) were divided into proliferating and non-proliferating cells using the proliferation-

associated marker Ki67 and analyzed for Hobit expression (Fig. 9G). Ki67high CD8 T cells had

This article is protected by copyright. All rights reserved.
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reduced expression of Hobit compared to Ki67low CD8 T cells (Fig. 9G), underlining that

recent antigen encounter suppresses Hobit expression in vivo. Similar results were obtained

in a longitudimal study of a second kidney transplant patient (unpublished observations).
The expr ation of Hobit resulted in strong overlap between Hobit and granzyme
H

B express under steady state conditions, but not after in vitro activation (Fig. 9H). In

E

contrast, @protein was not co-expressed with granzyme B in peripheral blood CD8 T
cells unde conditions, but was induced in granzyme B+ cells after TCR stimulation
(Fig. 9H). mbit was specifically expressed in CD8 T cells with cytotoxic potential under
resting com in contrast to Blimp-1 that was upregulated in cytotoxic CD8 T cells after
activationﬁfindings suggest that Hobit and Blimp-1 may regulate granzyme B under

similar com but in different subsets of CD8 T cells in humans and mice.

Discussion:

In this reSrt, we describe that the expression regulation of Hobit and Blimp-1 occurs in

opposite di s during antigen-induced CD8 T cell differentiation. In CD8 T cells, Blimp-1
is up-regula y activation, whereas Hobit is not. Blimp-1 mRNA, but not Blimp-1 protein,
is maintai in_long-lived effector-type and memory populations of CD8 T cells, indicating
that Bli epressed by post-transcriptional mechanisms in CD8 T cells. These findings

suggested that p-1 did not contribute to the persistence of cytotoxic functions in CD8 T
cells at{mints after infection. Indeed, we established that Hobit was an essential
transcriptiona ulator for the maintenance of granzyme B in CD8 T cells during the
memory phase. In contrast to Blimp-1, Hobit is rapidly downregulated in antigen-

experienced CD8 T cells after re-stimulation. Thus, the Hobit and Blimp-1-driven

This article is protected by copyright. All rights reserved.
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transcriptional regulation of cytotoxicity appears temporally separated in CD8 T cells with an

early role for Blimp-1 in primary effector cells and a late role for Hobit in memory cells.

The Blim porter has been a highly valuable tool in the assessment of the
H

expressiomgpattern of Blimp-1 in B and T lymphocytes (22,31). The reporter has been shown

]

to truthfu@t Blimp-1 expression at the mRNA level during B and T cell differentiation,
but does ssarily take into consideration the posttranscriptional regulation that may
occur at ml of translation or at the level of proteasomal degradation. We have
observed zpancy between the expression of Blimp-1 mRNA and protein during
quiescenc€ in memory CD8 T cells, suggesting that in these lymphocyte populations
posttranscaiptiem@l regulation is relevant to acquire Blimp-1 protein. The mechanisms
underlying “p0S®ranscriptional regulation of Blimp-1 are unclear. It is possible that
sumoylation a role, as this process has previously been reported to target Blimp-1 for
degrad e proteasome (32). The expression of Blimp-1 protein has not been

directly e!mined in other Blimp-1+ populations such as regulatory T cells and plasma cells.

Functiona es using conditional deletion of Blimp-1 suggest that Blimp-1 protein
activity rem during quiescence in plasma cells, although such analyses do not rule out
that rr@ differences in protein expression occur (33). As regulatory T cells and
plasma contrast to CD8 T cells do not up-regulate Hobit under homeostatic

conditions: we ;eculate that persistence of Blimp-1 protein and acquisition of Hobit are

alterna{ategies of these separate lineages to maintain the Hobit/Blimp-1
transcriptiona dule during quiescence.

This article is protected by copyright. All rights reserved.
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We have previously published that human Hobit is expressed in circulating populations of
NK cells and antiﬁen—experienced CD4 and CD8 T cells (20,34) in contrast to murine Hobit,
which is spemifigally expressed in Trm and other resident lymphocytes including ILC1 and
NKT cells . eculate that divergent evolutionary pressures by distinct mouse and

N
human pathogens may have driven the unique expression patterns of Hobit in mice and

1

humans. @ith this reasoning, human CMV, which has a long history of co-evolution
with the species induces the formation of Hobit+ CD4 and CD8 T cells in the
circulation (20,34). Hobit may be essential to drive persistent granzyme B-driven cytotoxicity
in CMV-spJS T cells to enable continuous patrol of the endothelium and to maintain
latency OEMV infection. Hobit does not appear to share the posttranscriptional

regulationmnmp-l, as the expression of Hobit mRNA perfectly aligned with Hobit
i

protein wi

production of Hobit deficient mice also indicates persistent expression of murine
Hobit ein level. Currently, the full spectrum of the signaling pathways acting

upstream!f Hobit expression are unknown. In line with expression during the resting phase,

uman CD8 T cells and NK cells (20). The late defect in granzyme B

we have f at the homeostatic cytokine IL-15 is involved in the induction of Hobit
expressiorQ(w). Consistent with an exclusive role during quiescence, we have shown
that H@wnregulated within hours after T cell activation at both the mRNA and
proteinwed, Hobit is not found in short-lived effectors during primary infection, but
is present in Temifa and Trm cells that display direct effector function and that persist during
quiesce ,20). The rapid kinetics of the decrease in expression after triggering with
PMA and ion cin indicates direct involvement of TCR signaling pathways in Hobit
downregulation. In contrast to Hobit, Blimp-1 appears to be induced in response to

inflammatory signals. Blimp-1 expression markedly increases during effector differentiation
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of CD8 T cells in vivo (22,23,27), and the transcription factor is also upregulated after

antigenic stimulation in combination with cytokines such as IL-2, IL-12 and IL-21 in vitro (35-

S Ay

38). Simila an NK cells up-regulate Blimp-1 expression after stimulation in vitro with
IL-12 and * Blimp-1 expression may be self-limiting, given that the transcription
H

factor cangsuppress its own expression (36). In support of a direct role for Blimp-1 in a
negative @( loop in the regulation of its expression, the Blimp-1 locus contains a
binding sitesf imp-1, which is not present in the Hobit locus (19). These data are in line
with transient expression of Blimp-1 and persistent expression of Hobit in the CD8 T cell

jession regulation suggests that despite the overlap in transcriptional

lineage. T,

targets, )-Sbit and Blimp-1 have non-redundant roles in immune regulation, as they are

expressed esting and inflammatory conditions, respectively.
Hobit and are homologous transcription factors that display the highest degree of
similar inc Finger domains (18,20). This region in both Hobit and Blimp-1 is

essential for the binding to “GAAAG”-containing DNA sequences, providing rationale for

their high pping direct target genes in CD8 T cells (19,20). Blimp-1 directly bound
within the yme B locus, suggesting direct involvement in the transcriptional regulation
of cyto i ). In contrast, we were unable to find evidence for direct binding of Hobit
at thes . Technical reasons relating to sensitivity may underlie the difference, as the

total number o;arget genes was about ten-fold lower for Hobit than for Blimp-1 (19).
Previous ave shown in NKT cells that Hobit is involved in the regulation of granzyme
B expression e transcript level (18). Here, we have established an essential role for
Hobit in the transcriptional regulation of granzyme B in Trm of liver and gut. As Blimp-1

similar to Hobit positively regulates granzyme B expression (22,23), it appears that both
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factors instruct the same transcriptional program to establish cytotoxicity. At odds with the

induction of granzyme B expression, Blimp-1 has been described as a transcriptional

repressor jlences the expression of target genes through the recruitment of co-
repressor he histone H3K9 methyltransferase G9a, Groucho family proteins and
H

histone dé@acetylases (40-42). However, similar to the positive role of Blimp1 in the induction

of granzymie B eXpression, Blimp1 was also found to be required for the upregulation of IL-

G

10 expressiongmgegulatory T cells and Trl (43,44). Indeed. recently, it has become clear that
during plaw differentiation Blimp-1 also associates with putative co-activators such as
the chromgaii odeling BAF complex to establish active histone marks in its target genes
(45). The €pigenetic landscape of the granzyme B locus has been studied in human and

mouse cir img memory cells and evidence for the presence of active hyperacytylation at

dall

H3K9 and the @Sence of repressive hypermethylation at H3K27 has been found (14,15). At
this stjEIear whether these epigenetic marks are preserved in Trm and Temra cells
or wh cells contain unique epigenetic marks. Thus, our findings suggest that
Blimp-1 cStributes to the transcriptional regulation of cytotoxicity during an infection and

Hobit afteane of infection, but the potential role of these transcription factors in the

establishme these epigenetic marks remains unexplored.

In contw that are formed in liver and gut after LCMV infection, Trm that develop in
skin after HSV-ESfection and in lungs after infection with respiratory viruses do not express
granzym rotein (46,47). As HSV-1-specific Trm within the skin maintain higher
expression o zyme B mRNA than circulating memory populations (47), it appears that
these Trm also display improved retention of cytotoxic capacity, although not at the level of

granzyme B protein expression. The differences in the maintenance of granzyme B
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expression between Trm populations may relate to tissue-specific adaptations that arise

between Trm located at different sites. In support of tissue-specific regulation of granzyme

o

B expressi within the dorsal root ganglia that co-arise with skin-resident Trm after
infection express granzyme B at the protein level (47). As Hobit is expressed in
H

Trm thro out tissues (19), Hobit expression does not appear to be sufficient for the

induction @yme B protein in all of these Trm populations.

Long-lived ;!8:! cells with direct cytotoxic potential are superior compared to other
memory iy that these cells are able to respond directly without the need of
proIiferat'!n and differentiation, which enables them to mount immune responses at an

acceleratem Here, we have identified that Hobit rather than Blimp-1 is an essential

transcripti gulator in the long-term maintenance of granzyme B-driven cytotoxicity of
memory C lls. Other transcription factors such as T-bet, Eomes, Runx-3 and Notch,
which en shown to establish cytotoxicity in effector CD8 T cells through the

inductionSf granzyme B and or perforin (25,48,49), may contribute to the regulation of
cytotoxici emory cells. In contrast to Hobit, these transcription factors are not

exclusively essed in memory cells with direct cytotoxic potential, suggesting that they

1

do not cific role in the long-term maintenance of cytotoxicity. Moreover, T-bet
and Eonwnregulated in granzyme B+ Trm populations compared to granzyme B-
circulatingI me;y populations (50). Thus, our findings have established a Hobit-driven
transcripti network underlying the maintenance of cytotoxicity in CD8 T cells that may

provide essen lues to the future use of memory cells with immediate killing capacity in

adoptive therapies in patients.
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Material and Methods:

T

Human P obtained from fresh heparinized blood or buffy coats of healthy donors

N
using FicollPaqgue Plus (GE Healthcare) gradient centrifugation. Total, naive, effector and

E

memory @ells were isolated using magnetic sorting with CD8 microbeads (Miltenyi

Biotec) aw flow-cytometric sorting for CD27 and CD45RA on a FACS Aria (BD
es) to'o

Bioscienc btain CD27+CD45RA+ naive, CD27-CD45RA+ effector and CD27+CD45RA-
memory cm have used blood samples from a kidney transplant patient who was EBV
and hCM! seronegative before transplant and who underwent a primary EBV and hCMV

infection eipt of a kidney from a EBV+ and hCMV+ donor. The patient received an

immunosuppréssive regimen that included prednisolone, cyclosporine A and
mycopEfetil. All donors gave written informed consent prior to inclusion in the
study y was approved by the Amsterdam Medical Center institutional medical
ethics corgittee.

Mice O

WT, Zf@bit KO) (18) and Prdm1™1* x Lck Cre (Blimp-1 KO) mice (22) were

maintaMC57Bl/6 background. Mice were bred under SPF conditions and animal

experiments w;; performed according to national and institutional guidelines.

Antibog

The following anti-mouse monoclonal antibodies for flow cytometry were purchased from

eBioscience, BD Biosciences, Invitrogen or Biolegend: anti-CD3 (145-2C11), anti-TCRB (H57-
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597), anti-CD4 (RM4-5, GK1.5, and MT4), anti-CD8 (53-6.7), anti-CD44 (IM7), anti-CD62L

(MEL-14), anti-CD69 (H1.2F3), anti-Ly5.1 (A20), anti-Ly5.2 (104), anti-IFN-y (XMG1.2), anti-

{

Trail (N2B i-granzyme B (GB-11) and anti-Fas ligand (MFL3). The following anti-human
monoclon ies for flow cytometry were purchased from Sanquin Reagents,
H

eBioscien@ and BD Biosciences: anti-CD8 (RPA-T8), anti-CD27 (0323), anti-CD45RA (HI1100)

and anti-Q@D3 (SKW). Antibodies against human Hobit (Sanquin-Hobit/1) were made in house,

G

as previo ribed (20). The following antibodies were used for western blotting: anti-

S

Blimp-1 (6D3; eBioscience), anti-B-actin (AC-15; Sigma-Aldrich) and conjugated goat anti-

J

mouse secondary antibodies (DAKO).

Tetramer

dl

To detect ECMW=specific CD8 T cells, MHC class | D® restricted tetramers for the viral

epitopes 3% and NP3gs404 wWere produced as described (51). To detect NKT cells,

\'L

tetram d containing the a-GalCer derivative PBS57 were obtained from the

Tetramer @ore Facility of the US National Institutes of Health.

[

0

LCMV infec

1

Mice i d intraperitoneally with 30 plague-forming units (PFU) of the LCMV strain

{

WE or 0> PFU of the LCMV strain Armstrong. At the indicated time points after

U

infection mice Mere sacrificed and organs were collected for analysis of CD8 T cell

respons

A
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In vivo NKT cell activation

Mice were injected intraperitoneally with 2 pg a-galactosylceramide (KRN7000; Enzo Life

Sciences) i | PBS to specifically activate NKT cells in an antigen-dependent manner. At
various ti fter immunization, mice were sacrificed and organs were collected for
H

analysis of¢the activated NKT cells.

O

Cell prepamrom murine tissues
Spleen and livef were isolated and ground over 70 uM nylon cell strainers (BD Biosciences)

to obtaingsi ell suspensions in PBS containing 0.5% BSA. Liver lymphocytes were

£

separatedifrom the other cell fractions via Percoll (GE Healthcare) gradient centrifugation.

Liver-cell mions were resuspended in 44% Percoll solution and pelleted lymphocyte-
ct

enriched f s were collected after centrifugation. Erythrocytes in spleen and liver cell
suspensions lysed (155 mM NH4Cl, 10 mM KHCO3 and 1 mM EDTA) for removal of red
blood . e isolation of intraepthelial lymphocytes (IELs) the small intestine was

cleared of!at tissue, Peyer’s patches, and fecal content. Then, 1 cm? pieces of small intestine

were ianor 30 minutes at 37°C in Ca** and Mg?* Free Hank’s buffer (Gibco)

containing EDTA and 1 mM DTT. IELs were separated from the other cell fractions via

densitvﬁentrifugation using 44% and 66% Percoll that enable enrichment of IELs at

the intm these layers. Cells were counted with an automated cell counter

(CaseyCounter ;iovatis)).

In vitro CD8 stimulation
Human CD8 T cells were activated in 24 or 96-wells plates (Costar) coated with 3.5 ug/ml

goat anti-mouse IgG antibodies (Jackson Immunoresearch) and 5 pug/ml anti-CD3 (HIT33;
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eBioscience) in the presence of 1 pg/ml anti-CD28 (CD28.2; eBioscience) and 50 U/ ml IL-2

(Peprotech) for the indicated time. For short-term activation, CD8 T cells were cultured with

PMA (2 n igma-Aldrich) and ionomycin (1 pug/ml; Sigma-Aldrich) for 4 hours. For the
degranula " LCMV-specific CD8 T cells were activated in 24 wells plates in the
H

presence wml GP33.41 and incubated for 4 hours in the presence of CD107a antibodies

(eBio1D43y eBiosgience). Brefeldin A (eBioscience) and Monensin (eBioscience) were added

¢

to enable jgitr ular capture of IFN-y. For the cytotoxicity assay, CD8 T cells were isolated

S

from the liver of LCMV immune mice that had received anti-ARTC2 nanobodies (BioLegend)

U

directly p crifice. The anti-ARTC2 nanobodies were used to maintain the viability of

the isolat€d CD8 T cells during culture. The isolated CD8 T cells were incubated with EL-4

i)

cells that beled with Cell Trace Violet (Thermo Fisher Scientific) according to the

d

manufacturer’s*protocol and loaded with 5 pug/ml GP33.4; peptide. The percentage of killing

was measure g the viability dye Near-IR (Thermo Fisher Scientific) as a readout.

V]

In vitro Ns cell stimulation

NKT cells iched from single cell preparations of thymus using magnetic depletion of
CD8+ and + thymocytes with anti-CD8 and anti-CD24 antibodies and goat anti-rat
beads (Qi d subsequent cell sorting with anti-TCRB antibodies and PBS57-loaded

Ccbid tMsolated NKT cells were stimulated with plate-bound anti-CD3 antibodies (5
ug/ml) in E containing anti-CD28 (2 pg/ml) and IL-2 (100 U/ml). Expanded NKT cells
were r after 3 days in medium containing IL-15 (20 ng/ml) and cultured for an
additional 2 to 6%days. For adoptive transfer experiments with NKT cells, in vitro expanded
NKT cells (1 x 10° cells) were transferred by intravenous injection. Recipient mice were
sacrificed at the indicated time points for analysis of donor NKT cells.
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PCR and quantitative PCR

RNA was isolated using Trizol Reagent (Invitrogen). cDNA synthesis was performed on a

Verity 96 mhermo Cycler (Applied Biosystems) using the iScript RT PCR kit (Biorad).

Quantitat s performed on a StepOnePlus system (Applied Biosystems) using the
H

FAST Sybr@reen mix (Life Technologies). The following primersets were used: murine Hobit

]

(forward: [ 5’-TRGCTCCCACTCTCATCTCCAA-3’, reverse: 5’-CAGACCCACTGGCTGTCAT-3’),

G

murine 1 (forward: 5’-GACGGGGGTACTTCTGTTCA-3, reverse: 5'-

S

GGCATTCTTGGEAACTGTGT-3') granzyme B (forward: 5-AAACGTGCTTCCTTTCGGG-3,

reverse: -GAAACTATGCCTGCAGCCACT-3’), HPRT (forward: 5'-

U

TGAAGAGETACTGTAATGATCAGTCAAC-3’, reverse: 5-AGCAAGCTTGCAACCTTAACCA-3'),

n

Perforin ard: 5’-GCAGCTGAGAAGACCTATCAGGAC-3’, reverse: 5'-

a

TCTGAGCGEC TGAAGTC-3’), human Hobit (forward: 5’-CATATGTGGCAAGAGCTTTGG-3/,

reverse: CAAGTTGAGTGAAGCTCT-3’, human Blimp-1 (forward: 5’-

\'t

GTGTC ATGAACA-3’, reverse: 5'-GCTCGGTTGCTTTAGACTGC-3’), 18S (forward: 5’-

GGACAACAAGCTCCGTGAAGA-3’, reverse: 5-CAGAAGTGACGCAGCCCTCTA-3’). Values are

[

represent ive to that of 18S or HPRT and calibrated relative to naive CD8 T cells

unless indic otherwise.

thg

RNA se

U

RNA sequ data was obtained from LCMV specific CD8 T cell subsets at day 40+ post

infecti gp33 and np396 tetramers, as described (19). From this dataset, genes

A

involved in cytotoxicity were selected for comparison of their expression profile in the

indicated LCMV specific CD8+ memory T cell subsets.
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Flow cytometry

Cells were stained for 30 min at 4°C with fluorochrome-conjugated antibodies in PBS 0.5%

BSA. Intra stainings were performed after fixation and permeabilization with the
FoxP3 tra actor staining set (eBioscience) or with the cytofix/cytoperm kit (BD
H

Biosciencd§). Tetramer labeling was performed at 4°C. Samples were measured with an LSR

E

Fortessa @f a Cafito Il flow cytometer (BD Biosciences) and expression was analyzed using

G

Flowlo so (Tree Star). We have adhered to previously published flow cytometry

guidelines (52)

\US

Western Blotting

[

Cells were lysed i

S

buffer containing 2% SDS, 66 mM Tris pH 7, 4 % B-mercaptoethanol and

C

1% protease | itor (Calbiochem). Proteins were separated on a NUPAGE 4-12% Bis-Tris
gel (Novex, Technologies), after which proteins were transferred onto an iBlot
Nitroc Transfer Stack (Novex, Life Technologies) using an iBlot or iBlot 2 (Life
Technoloss). Membranes were stained using the Pierce ECL Western Blot substrate kit

(Life Tech ) and proteins were visualized on Fuji Medical X-ray Film using a Medical

Film Proces onica Minolta Medical & Graphic. Inc, SRX-101A).

-

Statisti#

Values are ex;r;sed as mean + SD or SEM as indicated. Differences between two groups
were as y Student’s t test. Differences between more than two groups were
assessed usin e-way ANOVA followed by a Bonferroni post-hoc test. A p-value of less

than 0.05 was considered statistically significant (* p<0.05; ** p<0.01; *** p<0.001).
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Figure Legends:

Figure 1: T cifically upregulate cytotoxic molecules to maintain immediate cytotoxic
potential.gilling of peptide-loaded (closed triangles) and unloaded EL4 target cells
H
(open triaslesi was analyzed by flow cytometry at (A) 4 and (B) 24 hours of co-culture in
the indica@ctor/target ratios with virus-specific Tem (blue, left panels) or Trm (red,
right paneWMV-infected mice. Total CD62L-CD69- CD8 T cells (Tem) and CD62L-CD69+
(Trm) fractions of CD8 T cells at day 37 of infection were taken from liver of WT mice for use
as effectogsgi killing assays. EL (C) Heatmap displays the expression of the indicated

cytotoxicig-associated genes (z-scores) in virus-specific circulating (Tcm and Tem) and

resident mCDS T cells (Trm) of WT mice after infection with LCMV, as determined
NA¥s

using R encing. Z-scores are color-coded, as indicated by legend. (D-F) The
expression zyme B was analyzed by flow cytometry in virus-specific CD69-CD62L- (T
effect nd CD69+CD62L- CD8 T cells (Trm) in spleen, liver and gut of WT mice at

day 8 and@ay 33 after infection with LCMV-WE or day 49 LCMV-Armstrong, as indicated. (D)

Histogra expression of granzyme B in the indicated populations of CD8 T cells. (E)
The percen of granzyme B+ T effector, Tem and Trm from the spleen, liver and small
intesti LCMV WE infection was quantified by flow cytometry. Data in (F) shows

the qum of the percentage of granzyme B+ Tem and Trm in spleen, liver and SI

after LCMV Ar;rong infection. (G,H) Histograms display expression of (G) Fas ligand and

(H) Trail j s-specific Tem and Trm within the liver of WT mice at day 61 after infection

with LCMV. mparison, TRAIL expression was analyzed in circulating (cNK) and tissue-

resident NK cells (trNK) of the liver. Data in (A) displays results of seven mice from two

pooled experiments and data in (B) displays data of two mice from one representative
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experiment out of two experiments. Data in (D) displays representative examples from data

in (E and Fl. Data in (E and F) displays the results from one representative experiment out of

two with r four mice per group. Data in (G and H) is representative of five to eight
mice fro endent experiments. Data are shown as mean + SEM; ** p<0.01; *** p
I I

< 0.001, one-way ANOVA.
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Figure 2: Blimp-1 regulates granzyme B expression after activation. The expression of

granzyme B was analyzed by flow cytometry in virus-specific CD8 T cells of WT and Blimp-1

KO mice a day 8 and (C,D) day 36 after infection with LCMV Armstrong. (A) Contour
plots disp ession of CD69 and granzyme B on gp33 tetramer+ effector CD8 T cells
N

(in green spleen, liver and the intraepithelial fraction of small intestine (Sl). (B) The

1

percenta@/lv-specific CD8 T cells that express granzyme B was quantified. (C) The

expressmw9 and granzyme B of gp33 tetramer+ effector memory (Tem; in blue) and
i

tissue-resident ‘memory (Trm; in red) is shown in representative contour plots. (D) The
expressiorznzyme B was quantified as a percentage of the indicated virus-specific
memory Ecells. Contour plots in (A, C) display representative results from data in (B, D),
respectlv in (B) displays results of at least 5 mice per group from one representative
experimento ftwo independent experiments. Data in (D) displays results of at least 6
mice per gr m two pooled experiments. Data are shown as mean + SEM; *** p<0.001,

. -
@,
e
e
-
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Figure 3: In mice, Blimp-1 protein is highly expressed in effector CD8 T cells, but not or at

low levels in memory CD8 T cells. (A) The expression of Blimp-1 mRNA was analyzed using

gPCR in thggimelicated subsets of virus-specific effector and memory CD8 T cells after LCMV
Armstron . (B-K) The expression of Blimp-1 protein was analyzed using flow
N

cytometry& SBi C) plasma cells (PC), in (D-G) virus-specific effector CD8 T cells and in (H-K)
virus-spe@ory CD8 T cells at day 42 after LCMV Armstrong infection. (B, D, F, H, J)
Histogrammy expression of Blimp-1 in the indicated populations of Ly5.1+ or Ly5.1/2+

lymphocytes (yellow, plasma cells (PC); orange, T naive; green, T effector; purple, Tcm; blue,
Tem; redﬁor reference, the expression of Blimp-1 was analyzed in congenically

marked Lyb.2+ naive CD8 T cells (control; filled grey) that were added to all of the analyzed

B

samples. ml, K) Bar graphs display the expression of Blimp-1 as a percentage of the

indicated pSpM&tion. Histograms in (B, D, F, H, J) display representative results from data in
(C, E, G, I, K} ectively. Data in (A, C, E, G, |, K) display results of four or five mice from
one r e experiment out of at least two independent experiments. Data are

shown as Sean +SD; ** p<0.01; *** p<0.001, two-tailed t-test or one-way ANOVA.
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Figure 4: Hobit induces granzyme B expression in memory CD8 T cells after LCMV

infection. |A) Histograms depict granzyme B expression in WT (dark green) and mutant (light

green) virmDS T cells of Blimp-1 KO (left panel) and Hobit KO mice (right panel) at

day 8 afte ith LCMV-WE. Numbers indicate percentage of granzyme B expressing
H

CD8 T cells. (B) The percentage of effector CD8 T cells that express granzyme B was

E

quantifie@dark green) and Blimp-1 KO mice (light green, left panel) and in WT (dark
green) an it KO mice (light green, right panel). (C,D) Similarly, the expression of
granzymemnalyzed in virus-specific memory CD8 T cells (Tem in blue, Trm in red) of
WT and Hghi mice at day 61 after infection with LCMV-WE. (C) Contour plots depict the
expressio@w and granzyme B in the indicated populations of CD8 T cells. (D) The
percentag zyme B+ cells was quantified in the indicated CD8 T cell populations. (E,F)
The expresSio®ef (E) granzyme B mRNA and (F) perforin was determined using qPCR in
virus-specifi L-CD69- Tem and CD62L-CD69+ Trm of WT and Hobit KO mice at day 30+
after L on. (G,H) The degranulation of LCMV-specific CD8 T cells from liver of WT
and Hobitso mice was analyzed at day 61 after infection. (G) Histograms and (H) bar graphs

display CIQbeling after brief stimulation with gp33 peptide in LCMV-specific CD8 T

cells that identified using intracellular labeling of IFN-y. CD62L-CD69- (Tem) and

CD62L-

h

tions (Trm) of virus-specific CD8 T cells of WT and Hobit KO mice were
separatmed. Histograms and contour plots in (A, C and G) display representative
results from d; in (B, D and H), respectively. Data in (B) displays results from one
indepen periment out of two with at least three mice per group. Data in (D) displays
one represen experiment out of two with four or five mice per group. Data in (E and F)

displays pooled results from two experiments with six to eleven mice per group. Data in (H)
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displays results from one representative experiment out of two with five mice per group.

Data are shown as mean + SEM; *** p < 0.001, two-tailed t-test or one-way ANOVA.
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Figure 5: NKT cells constitutively express Blimp-1 mRNA, but require activation to express

Blimp-1 protein. (A,B) NKT cells of WT and Blimp-1-GFP reporter mice were stimulated in

vivo with r for 3 days or left unstimulated. (A) The expression of GFP was analyzed in
NKT cells GFP reporter mice under steady state (filled grey) or after activation
N

with a-Gal€er (black line). (B) Isolated NKT cells of WT mice were analyzed for expression of

E

Blimp-1 p@ing Western blot under steady state and after activation with a-GalCer.
Actin was dse a loading control. (C,D) NKT cells of WT and Blimp-GFP reporter mice were
stimulatem with anti-CD3/28 and IL-2 for 3 days and with IL-15 for a further 2 (day 5)
or 6 days (C) The expression of GFP was analyzed at day 5 and 9 in NKT cells of WT
(filled gre@limp-l GFP reporter mice (black line). (D) WT NKT cells were analyzed at
day 5 and culture for expression of Blimp-1 protein using Western blot. Actin was

used as a | control. Histograms in (A, B) display representative data of from at least 2

indepeEriments. Western blots in (C, D) display representative data from 3 and 2
indepe riments, respectively.
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Figure 6: Hobit, but not Blimp-1, maintains granzyme B expression in NKT cells. (A,B) The

expression of granzyme B was analyzed in splenic NKT cells under steady state (control) and

after in vimn with a-GalCer. (A) Histograms display granzyme B expression in NKT

cells of W ) and Blimp-1 KO mice (filled grey) under the indicated conditions. (B)
H

Bar graphSidepict percentage of granzyme B+ NKT cells of the indicated genotypes after a-

GalCer stifnulatidh. (C,D) Thymic NKT cells of control WT (Ly5.1+) and of WT, Hobit KO and

C

Blimp-1 Kmall Ly5.2+) were isolated using cell sorting and stimulated in vitro with anti-
IL

CD3/28 an -2 and rested in IL-15. (C) Histograms depict granzyme B expression in
cultured s of the indicated genotypes (Ly5.2+, filled grey) compared to that of
control mice (Ly5.1+, black line). (D) The percentage of granzyme B expression was
guantified tured NKT cells of the indicated genotypes. (E,F) Cultured NKT cells of

control WTHLYS™+) mice were intravenously co-injected with NKT cells of WT, Hobit KO and

Blimp-1 K (Ly5.2+) into congenically marked WT recipient mice (Ly5.1/2+) and

M

analyz after adoptive transfer. (E) Histograms depict granzyme B expression in

transferre@ NKT cells of the indicated genotypes (Ly5.2+, filled grey) compared to that of

£

control W, (Ly5.1+, black line). (F) The percentage of granzyme B expression was

O

guantified 1 nor NKT cells of the indicated genotypes. Histograms in (A, C, E) display

h

repres a from results in (B, D, F). Data in (B, D, F) represent 1 experiment out of

{

at least least 3 mice per group. Data are shown as mean + SEM; * p<0.05; ***

3

p<0.001, two-tailéd t-test or one-way ANOVA.
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Figure 7: Blimp-1 expression is not maintained at the protein level in human memory CD8

T cells. (Al Schematic representation displays the culture protocol of CD8 T cells. (B,C) CD8 T

cells were based on expression of CD27 and CD45RA into naive (CD27+CD45RA+),
memory RA-) and effector (CD27-CD45RA+) populations. Isolated CD8 T cells
N

were not 8ctivated (control) or activated with anti-CD3/CD28 antibodies and IL-2 for 3 days.

(B) Blimp mRNA expression was analyzed in naive (left panel), memory (center panel) and

C

effector mells (right panel) under the indicated conditions. (C) Blimp-1 protein
expression (top'lane) was analyzed by Western blot in naive (left panel) and memory CD8 T
cells (righﬁ under the indicated conditions. B-actin was used as a loading control

(bottom I@he). (D,E) Naive CD8 T cells were activated with anti-CD3/CD28 antibodies and IL-

N

2 for3 damnalyzed directly or analyzed after further culture in IL-15 for 7 or 8 days.
(D) Blimp- A was analyzed using qPCR and (E) Blimp-1 protein was analyzed using

Western blot® ctin was used as a loading control (bottom lane). Data displayed in (B)

M

repres nors from two independent experiments. Data in (C, D and E) display one

represent@itive experiment out of at least two independent experiments. The representative

[

experime contained four donors. * p <0.05, two-tailed t-test.
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Figure 8: Hobit is co-expressed with perforin and granzyme B or K in human CD8 T cells.

(A,B) The co-expression of Hobit and granzyme B was analyzed by flow cytometry in CD8 T

cells of hmheral blood. (A) Dot plot depicts Hobit and granzyme B expression in

CD8 T ¢ presentative donor. Numbers represent percentage of cells within
H

guadrant. The percentage of CD8 T cells expressing only granzyme B (in yellow), only

E

Hobit (in @Joth Hobit and granzyme B (in black) was quantified. (C) Histograms and
(D) bar grwmct the expression of perforin (left panels) and granzyme K (right panels)

of Hobit-graan e B- (blue), Hobit+granzyme B- (red) and Hobit+granzyme B+ (black) CD8 T

cells. Datagi d C) show a representative example from data in (B and D), respectively.
Data in (Bj{displays the pooled results of nine donors from two experiments and data in (D)
displays d donors from one representative experiment out of two. Data are shown

as mean + WF** p <0.001, one-way ANOVA.
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Figure 9. Activation induces downregulation of Hobit expression at the transcriptional
level in human CD8 T cells. (A-C) Naive (CD27+CD45RA+) and effector CD8 T cells (CD27-
CDA45RA+) isolated using cell sorting and left unstimulated (control) or stimulated with
anti—CD3/g)dies and IL-2. The expression of Hobit was determined using (A) gPCR
H I
and (B) fIc& cxtometry in naive (left panels) and effector CD8 T cells (right panels) under the
indicated @ns. (C) Histograms display binding of secondary antibodies (control; filled
grey) and gex sion of Hobit (black line) in naive and effector CD8 T cells under the
indicated %ns. Numbers in upper right corner display geometric mean fluorescence
intensity I) of Hobit expression. (D-F) Isolated effector CD8 T cells were left
unstimula@trol) or were briefly stimulated with PMA and ionomycin. The expression
of Hobit rmined using (D) gPCR and (E) flow cytometry. (F) Histogram displays
Hobit expmf effector CD8 T cells under the indicated conditions. Numbers in upper
left corner geo MFI of Hobit expression. (G) The expression of Hobit was determined
in the Ki67high fractions of hCMV (TPR) and EBV (EPL) specific CD8 T cells at the
indicated fime-points after transplantation of a hCMV+ and EBV+ kidney into an hCMV- and

EBV- recint plots display tetramer binding and Ki67 expression in CD8 T cells at the

indicated s (Wk) after transplantation (Tx). Numbers on top of gates represent

percen@s. Histograms depict Hobit expression in Ki67low and Ki67high tetramer+

CD8 T Mbers in upper left corner represent geo MFI of Hobit expression. (H) The

expression of it and granzyme B (top row) and Blimp-1 and granzyme B (bottom row)
was det in isolated naive (grey dots) and effector CD8 T cells (black dots) under
steady state rol, left panels) and after activation with anti-CD3/CD28 antibodies and IL-

2 (right panels). Data in (A) display five donors from two independent experiments. Data in

(B) display one representative experiment with three donors out of three independent
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experiments. Histograms in (C) show one representative donor from the data displayed in

(B). Data in (D and E) display at least six donors from three separate experiments.

Histogrammw one representative donor from the data displayed in (E). Data in (G)

are repre two donors and data in (H) are representative of five donors from two
I I

t experiments. * p<0.05; ** p<0.01, two-tailed t-test.
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Graphical abstract statements:

Blimp-1 exbessmn is maintained at the mRNA level, but not at the protein level, during quiescence.
The Blimp- @ pgue Hobit is maintained at mRNA and protein level during quiescence.
Tissue-residemmmemory CD8 T cells maintain granzyme B expression and cytotoxicity.

Hobit regu&ression of granzyme B in tissue-resident memory CD8 T cells during steady state.
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