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Tissue-resident memory CD§ T (Trm) cells that develop in the epithelia at portals of
pathogen entry are important for improved protection agaist re-infection. CD& Try
cells within the skin and the small intestine are long-livednd maintained independently
of circulating memory CD& T cells. In contrast to CD§ Try cells at these sites, CD&
Trum cells that arise after in uenza virus infection within theihgs display high turnover and
require constant recruitment from the circulating memory pol for long-term persistence.
The distinct characteristics of CD& Trw cell maintenance within the lungs may suggest
a unique program of transcriptional regulation of in uenzapecic CD8€ Tgry cells.
We have previously demonstrated that the transcription faors Hobit and Blimp-1 are
essential for the formation of CD§ Try cells across several tissues, including skin, liver,
kidneys, and the small intestine. Here, we addressed the res of Hobit and Blimp-1 in
CD8C Tru cell differentiation in the lungs after in uenza infectionsing mice de cient for
these transcription factors. Hobit was not required for thdormation of in uenza-speci c
CD8C Tgrwm cells in the lungs. In contrast, Blimp-1 was essential for  differentiation of
lung CD& Tgrw cells and inhibited the differentiation of central memory B8° T (Tewm)
cells. We conclude that Blimp-1 rather than Hobit mediatestte formation of CD& Tgru
cells in the lungs, potentially through control of the linege choice between Tcy and Trm
cells during the differentiation of in uenza-speci c CD§ T cells.

Keywords: hobit, blimp-1/PRDM1, lung T cell, T cell different
CD8(C) T cells, tissue-resident memory CD8( C) T cells, TCF-1

iation, in uenza virus infection, central memory

INTRODUCTION

Long-term memory of previously encountered pathogens is efuoi enable enhanced responses
of our body's immune defenses in future encounters with taene pathogen. Antigen-speci c
memory CD& T cells form an essential aspect of immunological memoryti®4arly in the

context of local infections, tissue-resident memory €DB(Trwm) cells situated in the originally
infected tissues are important for protective immunity).( Their position in barrier tissues,
including skin, intestine, female reproductive tract anads, places non-circulating CI58Try

cells at sites of pathogen entry, where they provide e ciemtygarotection against local reinfection
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(2-5). The superior protective capacity of CB8Tgry cells is  highlight the unique transcriptional regulation of CB88Try
mediated through direct e ector functions and by promotinggth cells in the lung, which may have implications for future irenza
activation and recruitment of other immune cells. Upon antige vaccination strategies.
encounter, CD8 Tgrw cells rapidly release pro-in ammatory
cytokines, including interferorg (IFN-g), which induce a tissue-
wide state of alert and initiate the recruitment of cirlggm; B RESULTS
cells and memory T cellsi(6, 7). In some tissues, CD8Trwm .
cells can also directly lyse target cells and limit pathogeaad Lung _CD8 ¢ Trm Cells .Arlsmg Af,ter
by employing cytotoxic mechanismg, ©). Given their potency R€SPiratory In uenza Virus Infection
in limiting pathogen spread, insights into the mechanismsEXpress Hobit
regulating the development and maintenance of EDBry  Infection of mice with in uenza virus induces di erentiatio of
cells may contribute to improved strategies to induce pratect virus-speci c CD§ T cells into CD§ Try cells, which persist in
immunity via vaccination {0, 11). the lung and provide protection against subsequent reindecti
The localization of CD8 Trw cells to dierent organs (5, 21, 22). To investigate lung CO8 Try cells arising after
suggests the existence of tissue-speci ¢ adaptions, whitlwni, in uenza virus infection, mice were infected intranasalljth
may in uence the local development and maintenance of €D8 HKx31 inuenza A virus and CD8 T cells were isolated
Trw cells. Compared to CB8Tgy cells in the skin and intestine, and analyzed in the memory phase (dayC30.i.). In uenza
lung CD& Tgrw cells are distinct at the transcriptional lev&lj,  virus infection gave rise to a substantial CI6ZD& Trm
indicating speci c adaptions to the local microenvironments cell population in the lung, which partially expressed CD103
Lung CD& Tgrw cells share common features with CB8Rry  (Figure 1A). This population was nearly absent in lungs from
cells from other tissues, including the expression of tissuenaive mice, indicating that the vast majority of CB&ry cells
retention molecules such as CD69 and #gantegrin CD103 (3,  were a direct result of in uenza virus infection. In mice, are
14). Importantly, lung CD& Trw cells provide robust protection signature of gene-expression has been determined in CD8
against heterosubtypic in uenza virus infectiof, (5). However, Trw cells (L2). Transcriptional pro ling of CD6% and CD69
CD8&® Tgrw cells in the lungs are divergent from CB&ry cells  memory CD§ T cells isolated from lungs of HKx31-immune
at other peripheral sites in terms of their maintenance. Whilemice (day 3C p.i.) by RNA sequencing con rmed the resident
CD&" Try cells in most tissues are long-lived and self-sustaininghenotype of the CD69 CD8 T cell population arising after
(2, 16), the virus-speci ¢ CD§ Tgry cell population in the lungs in uenza virus infection Figure 1B). When compared to the
declines over time after pulmonary infection, which coiresd Trwm core signature, the obtained transcriptional pro les of lung
with waning of heterosubtypic immunity to in uenza viru$s( CD8® Trwm cells showed a good congruency. Genes associated
14, 17). The mechanisms underlying this limited longevity of with tissue-residency, includin@€dhl Itgal, Itgae Rgsl,and
lung CD& Tgrw cells are not fully understood. After pulmonary Rgs2 were speci cally upregulated in the CD6%opulation,
infection, CD& Trw cells localize to speci ¢ niches at sites ofwhile genes associated with circulating memory €D§
tissue regeneration in the lung, and it has been suggestad thcells, including tissue-egress factors (eSflprland S1lprj,
the disappearance of these niches over time may account for theere substantially downregulated in these celgyyre 1B).
limited longevity of lung CD8 Tgrw cells (L8). The preservation Overall, out of 35 genes of therfli core signature, 20 were
of the resident population in the lungs may additionally reguir signi cantly up- or downregulated in the CD69CDS&" T cell
continuous replenishment from a circulating e ector memory compartment compared to the CD69CD8® T cell pool from
CD&° T (Tewm) cell pool (L7, 19). The gradual decline in the the lung. Importantly, the transcription factor Hobit (enced
capacity of circulating memory C8T cells to form CD§ by Zfp683, which we have recently identi ed as a key regulator
Tru cells may thus contribute to the demise of the lung €D8 of tissue-residency?2(), was also signi cantly upregulated in
Trwm cell population (7). Consequently, tissue residency mightlung CD& Tgry cells, as compared to the circulating memory
be di erentially regulated at the transcriptional level fob8° T CD8® T cell population in the lungigures 1B,3. In contrast,
cells in the lung compared to other organs. expression levels of the related transcription factor Blimp-1
We have recently found that the transcription factor Hobit (encoded byPrdml) were not signi cantly di erent between
and its homolog Blimp-1 control the generation and/or the two memory subsets$-igure 1C). Members of the common
maintenance of CDB Try cells across several tissues, includingg-chain cytokines, in particular IL-2, IL-7, and IL-15, play an
skin, small intestine, liver, and kidneg(@). These transcription important role in the maintenance of memory CB8 cells. In
factors instruct a universal program of tissue-residenoypart  the lung, both circulating and resident memory CBS cells
by directly suppressing the tissue egress receptors CCR7 aexpressed the individual components of the ILH71 112rg) and
S1PR1%0). Here, we investigated the role of Hobit and Blimp-11L-15 receptor Rrb, 112rg) (Figure 1D). In contrast, the alpha
in the development of lung CO8 Trw cells after pulmonary chain of the IL-2 receptor was upregulated in lung CD8rwm
in uenza virus infection. CD§ Try cells in the lungs exhibited cells compared to CD69memory CD§ T cells in the lung.
high expression of Hobit and Blimp-1 at the transcript level.Furthermore, in comparison to their circulating counterpgrt
However, we found that Blimp-1, but not Hobit, is essential fo in the lung, the CD68 lung Try cells expressed signi cantly
the formation of lung CD8 Try cells. Blimp-1 also limited the higher levels of pro-in ammatory cytokines, chemokines and
formation of central memory CD8 T (Tcwm) cells. These ndings cytotoxic mediators, including colony-stimulating factbr-
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(Csfd, lymphotactin Xcll) granzyme B Gzmb and TNF- frequencies as the residency marker CD69, suggesting that

related apoptosis-inducing ligand (TRAILnfsf1(), indicative of ~ both molecules also identify CI§8 Try cells in this tissue

a poised e ector stateHjgures 1E—G. Taken together, in uenza (Figures 2L,M. Interestingly, combined de ciency for Hobit and

virus infection induced a distinct population of CDBELCD8® T Blimp-1 impaired the formation of CXCH& CD49419" cells,

cells in the lungs, which were identi ed as bona dep cells by  which were decreased in both frequencies and absolute nismbe

transcriptional analysis. Importantly, these lung-resid&D8®  in the DKO compartment compared to the WT compartment

T cells exhibited elevated transcript levels of e ector moles  (Figures 2L,M. In all, these results show that the combined

and were characterized by high expression of thg-hssociated genetic ablation of Hobit and Blimp-1 results in reduced TEC

transcription factor Hobit. and enhanced MPEC formation during the e ector CBT cell
response, and impairs the generation of CD%08ng Ty cells

C . in the memory CD§ T cell response.
CD8"™ Trm Cell Formation in the Lung

Requires Hobit and/or Blimp-1 Hobit and Blimp-1 Impair Formation of
Given its selective expression in lung CD8rum cells, we CDSC T cells
hypothesized that Hobit may contribute to the development CM

of these cells. In other tissues, including the skin, live part from CD& Tru cells in the lung, in uenza virus infection

. . . ! .~ also induces the formation of circulating e ector memorygl)
kidney, and small intestine, Hobit regulates the generatio
. - . and central memory (&v) CD8® T cells 80, 31). To assess the
and/or maintenance of CO8 Tgrwm cells together with its | . . . ) .
. : . impact of co-de ciency of Hobit and Blimp-1 on these circulzgi
homolog Blimp-1 g0). In order to investigate the role of memory subsets, we analyzed virus-speci & P366) WT
these two transcription factors in the development of lung Y ' Y P

CD8&® Tgrw cells, mixed bone marrow (BM) chimeric mice Werear.]d DKO ce.IIs isplatgd from secondary Iymphoid organs of
generated cont,aining a WT compartment and a compartmenEnlxed BM chimeric mice after HKx31 infection. In both spleen

- . . . and lung-draining lymph nodes (mediastinal lymph nodes,
lacking functional Hobit and Blimp-1 (double knock-out, DRO b - igh C
(Figure 2A). An approach with mixed BM chimeric mice was MLN), virus-speci ¢ CD44S" CD62L™ CDE& Tey cells were

chosen to minimize indirect e ects on CD8 T cell di erentiatio present at elevated levels in the DKO compartment compared to

through dierences in viral clearance. Mice were infectedtheWTcompartmentEgures3A,B,bothlnfrequenues andin

intranasally with HKx31 virus, and the virus-specic ?D absolute numbers. In contrast, no e ect of Blimp-1 and Hobit

NP366°) CDSC T cell response was analyzed over time. PrevioudE Ciency was observed in the CDQ@ CDE2L CDE& Te
. . . L Subset, as these cells were present in both the WT and the DKO
studies have demonstrated a critical role for Blimp-1 in terah

e ector cell (TEC) di erentiation @4, 25. In line with these fﬁ:sza;gpae;z ln;;ntlrlgrt nH%rSEZrﬁgggf;i%Qllngtegnﬁog;ticgr{h
ndings, analysis of virus-specic P NP366° CD& T cells 99 P y

in the blood at the peak of the anti-viral e ector CIS8T cell formation of CDE" Trw cells, butalso suppress the development

response (day 10 p.i.) revealed a substantial decrease in I&RGcif CD& Tew cells after in uenza virus infection.

CD127 TECs in the DKO compared to the WT compartment . c

(Figures 2B—0). Concomitantly, I} NP366 cells de cient for G€neration of Lung CD8 ™~ Try Cells

both Hobit and Blimp-1 exhibited a sharp increase in CD$27 Depends on Blimp-1, but Not Hobit

KLRG1 memory precursor e ector cells (MPECs) compared toWe next investigated whether Hobit and Blimp-1 collaborated
their WT counterparts Figures 2C,D). In lung tissue, a distinct in the development of lung CD8 Trwm cells, as observed in
CD69 population was already observed at the e ector stagegther tissues 40), or whether either one was the dominant
while CD103 expression was minim&igure 2F). Both the WT  transcription factor driving CD§ Try formation in the lungs.
and the DKO compartment gave rise to similar frequenciedo this end, three groups of mixed BM chimeric mice were
of CD6F CD103 and CD6% CD10¥F cells at this stage, generated, consisting of one control group, containing twd W
suggesting little impact of Hobit and Blimp-1 de ciency on the compartments (CD45.1 and CD45.2) and two experimental
formation of these cellsgures 2E—G. In contrast, » NP366°  groups, containing a WT (CD45.1) compartment next to
DKO cells generated lessp cells in the lung at the memory either a Hobit KO (CD45.2) compartment or a Blimp-1 KO
phase than their WT counterpartd=igures 2H,l). This defect (CD45.2) compartment. The mixed BM chimeric mice were
was most pronounced for CDE9CD10% cells, which were infected intranasally with HKx31 virus, and the virus-speci
decreased in both frequencies and absolute numbers in th® DK(DP NP366) CD8° T cell response was analyzed over time.
compartment compared to the WT compartmerii§ures 21,).  As expected, similar to cells lacking both functional Hobit
Interestingly, DKO cells formed CD69CD103 Try cells at  and Blimp-1 Eigures 2C,0), D° NP36& Blimp-1 KO cells
near similar frequencies as WT cells, indicating little ¢ ® contained elevated frequencies of CD92RLRG1 MPECs
combined Hobit and Blimp-1 de ciency on the generation of at the peak of the anti-viral CO8 T cell e ector response
this population Figures 21,K). Apart from CD69 and CD103, (Figures 4A,B. Moreover, ¥ NP36& Blimp-1 KO cells nearly
CD& Tgrw cells across tissues express additional tissue-resideragked KLRG% CD127 TECs, which was also observed for cells
markers, including the chemokine receptor CXCR6 and thevith combined de ciency for Hobit and Blimp-1Kigures 2C,D.
integrin CD49a 26-29). In uenza-virus-specic WT CD§ T  Neither of these phenotypes was observed foNP366 Hobit-
cells in the lungs co-expressed CXCR6 and CD49a at similde cient cells, which contained TECs and MPECs at similar
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FIGURE 1 | Transcriptional pro le of lung cp& Trwm cells arising after in uenza virus infection(A) Representative ow cytometry plots are shown of CD69 and
CD103 expression on memory (CD4419" cD621%) CDEC T cells isolated from lungs of naive mice or lungs of mice at ¢280C (memory phase) after intranasal HKx31,
in uenza virus infection.(B) Expression (column Z-score) of mRNA from genes belonging tthe Ty core signature (2) in CD6% and CD69 memory (CD441igh
CD62L1%) CDE T cells isolated from murine lungs at day 3G after HKx31 infection. Genes in bold are differentially exessed in CD6F vs. CD69 cells. Expression
(Continued)
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FIGURE 1 | of gene Usp33, part of the Try core signature, was not detected by our analysis(C—G) Expression (log2 read counts per million, voom normalized
expression) of(C) Hobit (Zfp683) and Blimp-1 Prdm1), genes encoding for(D) common g-chain cytokine receptors, (E) cytokines, (F) cytotoxic mediators, and (G)
selected chemokines is shown in CD6§ and CD69 memory (CD449" cD62L!°) CDEC T cells isolated from murine lungs at day 3G after HKx31 infection.
Symbols represent individual mice and line indicates the nam. Data from one experimentif D 8), taken from Hombrink et al. 23). *FDR adjustedP < 0.05; *** FDR
adjusted P < 0.001; ns: not signi cant.

FIGURE 2 | Formation of lung coé§ Trwm cells depends on Hobit and/or Blimp-1.(A) Experimental scheme shows the generation of mixed bone masw (BM)
chimeras from WT and Hobit and Blimp-1 KO (DKO) mice (1:1 rafi and HKx31 in uenza virus infection of these chimeric micg(B—G) Analysis at the effector time
point is shown. (B,E) Representative ow cytometry plot shows frequency of B NP366C cells within CD& T cell population in(B) blood and (E) lung at day 10 post
infection. (C,F) Representative ow cytometry plots show(C) expression of CD127 and KLRG1 and(F) expression of CD69 and CD103 on [ NP366° donor CD8C
T cells of the WT and DKO compartment fron{C) blood and (F) lungs at day 10 post infection.(D,G) The frequencies of(D) CD127°KLRG1 and KLRGICCD127
and (G) CcD69C cD103C DP NP366C donor CDSC T cells of the WT and DKO compartment from(D) blood and (G) lungs at day 10 post infection were quanti ed.
(H-M) Analysis at the memory time point is shown(H) Representative ow cytometry plot shows frequency of B NP366C cells within CD& T cell population in lung
at day 30C post infection. (I,L) Representative ow cytometry plots show(l) expression of CD69 and CD103 and(L) expression of CXCR6 and CD49a on B
NP366C donor CD8C T cells of the WT and DKO compartment from lungs at day 30 post infection. (J,K,M) The frequencies and absolute numbers ofJ)
CD69CCD103C, (K) CD69CCD103 , and (M) CXCRES CD49aMIN bP NP366C donor CD8C T cells of the WT and DKO compartment from lungs at day 30 post
infection were quanti ed. Data from(G) one experiment (1 D 5) or combined data from(C,J,K,M) two independent experiments i D 8). Symbols represent individual
mice, lines connect paired samples. Paired-test. *P < 0.05; **P < 0.01; ***P < 0.001, ns: not signi cant.
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FIGURE 3 | Increased co& Tcm formation upon combined loss of Hobit and Blimp-1.(A—C) WT: Hobit  Blimp-1 KO (DKO) mixed bone marrow chimeras were
infected intranasally with HKx31 in uenza virus. The phengpe of virus-speci ¢ (Db NP3660) WT and DKO donor CD§ T cells was analyzed at day 3C post
infection (memory phase)(A) Representative ow cytometry plots show expression of CD44 ad CD62L on DP NP366C donor CD8C T cells of the WT and DKO
compartment from spleen and mediastinal lymph nodes (mLN)B,C) The frequencies and absolute numbers ofB) cD44Mghcpe2LC PP NP366C donor CDSC T
cells and (C) absolute numbers of CD44"I"CD62L  DP NP366C donor CD8C T cells of the WT and DKO compartment in spleen and mLN were qui ed.
Combined data from two independent experimentsif D 8). Symbols represent individual mice, lines connect paitesamples. Pairedt-test. *P < 0.05; **P < 0.01;
**P < (0.001, ns: not signi cant.

frequencies as their WT counterpari&@ures 4A-Q. Thesedata a strong increase in the frequency of° INP366° CD&C
indicate a dominant role of Blimp-1 over Hobit in regulating Tcym cells in the circulation, lung and secondary lymphoid
the balance between terminal e ector and memory precursdr cebrgans during the memory phasé&igures 5C—B. This e ect

di erentiation during the e ector response. After clearancé o was not observed for cells lacking functional Hobit, neither
the infection, the D NP366 Hobit KO compartment exhibited during the e ector nor the memory responséigures 5B,D.

no defects in the formation of CB8 Tgrw cells in the lung Consequently, these data suggest that Blimp-1 suppresses
(Figures 4D,B. In contrast, the Blimp-1 de cient compartment CD8® Tcym development as early as in the e ector response,
of virus-speci ¢ cells was severely impaired in the formatan while Hobit does not appear to have an essential role in
CD69° CD10% CDS8" Tgry cells Figures 4D,B. As previously this process.

observed for cells with combined de ciency for Hobit and

Blimp-1, D’ NP366 Blimp-1 KO cells did not exhibit a

substantial defect in generating CO6€D103 cellsinthe lung Blimp-1 Suppresses TCF-1 Expression in

(Figure 4F). Thus, Blimp-1, but not Hobit, appears to be essentialL ung CD8 C Trm Cells

for the formation of terminal e ector cells and CD69CD10¥  The transcription factors Hobit and Blimp-1 regulate the

CD&" Tgru cells in the lung. development of CD8 Try cells in part by suppressing genes,
] ) which are incompatible with the establishment of tissue-
Blimp-1 Suppresses CD8 C Tem Formation residency 20). A direct target of both Hobit and Blimp-1 is

We next considered the role of Blimp-1 and its homologT-cell factor 1 (TCF-1). TCF-1 is a nuclear e ector of the
Hobit in the formation of other memory CD8 T cell subsets. canonical Wingless/Integration 1 (Wnt) signaling pathwaydan
Consistent with previous research demonstrating the rejress constitutes an essential transcription factor for the depeient

role of Blimp-1 in the formation of CD8 Tcwm cells @4, 25), of CD& Tcm cells 82, 33. Given the enhanced formation
we observed elevated frequencies of CI¥4CD62I° DP of CD& Tcm cells upon genetic ablation of Blimp-1, we
NP366 cells in the Blimp-1 KO compartment of mixed BM analyzed TCF-1 expression in di erent memory CHd cells

chimeras already during the e ector CIB8T cell response subsets arising after in uenza infection. As expected, WT D
(Figures 5A,B. Importantly, Blimp-1 de ciency resulted in NP366 CD8® Tcwm cells exhibited high uniform expression of
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FIGURE 4 | Formation of lung cD& Trm cells depends on Blimp-1, but not Hobit. Mixed bone marrow climeras [WT:WT;, WT:Hobit KO (HKO); WT:Blimp-1 KO
(BKO)] were infected intranasally with HKx31 in uenza virughe phenotype of virus-speci ¢ (¥ NP366C) WT (CD45.£), WT (CD45.£), HKO (CD45.£), and BKO
(CD45.2C) donor CD&® T cells was analyzed(A) Representative ow cytometry plots show expression of CD127and KLRG1 by D’ NP366C donor CD&C T cells
from the blood of mixed bone marrow chimeras at day 10 post iréction. (B,C) Frequencies of(B) CD127CKLRG1 and (C) KLRGICCD127 DP NP366C donor
CD8C T cells from the blood of mixed bone marrow chimeras at day 10 pst infection were quanti ed. (D) Representative ow cytometry plots show expression of
CD69 and CD103 by I’ NP366C donor CD8C T cells from the lungs at day 3@ post infection. (E,F) Frequencies of(E) CD69° CD103€ and (F) CD69€CD103 D
NP366C donor CD8C T cells from the lungs at day 3@ post infection were quanti ed. Combined data from two independent experiments ( D 9-10). Symbols
represent individual mice, lines connect paired samples. &red t-test. *P < 0.05; **P < 0.01; ***P < 0.001, ns: not signi cant.

TCF-1 at the protein level, while virus-speci c WT CB8Try  resulted in strongly increased TCF-1 protein expression ia th
cells in the lung showed markedly lower expression of TCFremaining virus-specic CD8 Try cells present in the lung
1 (Figures 6A,B. Hobit de ciency did not signi cantly impact (Figures 6A,B. These results indicate that Blimp-1 mediates
TCF-1 expression in both CI¥8 Tcy and Trym populations.  suppression of TCF-1 expression in lung CD8ry cells, which
Loss of Blimp-1 had no e ect on the high levels of TCF-1may contribute to the instruction of CO8 Try development in
expression in CD8 Tcyw cells. However, Blimp-1 de ciency the lungs.
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FIGURE 5 | cDsc Tcwm formation is suppressed by Blimp-1. Mixed bone marrow chimeas [WT:WT, WT:Hobit KO (HKO); WT:Blimp-1 KO (BKO)] wereeésfed
intranasally with HKx31 in uenza virus. The phenotype of vis-speci ¢ (D° NP366C) WT (CD45.£), WT (CD45.£), HKO (CD45.£) and BKO (CD45.%) donor
CD&C T cells was analyzed in blood A-D) and in the indicated tissues(E). (A,C) Representative ow cytometry plots show expression of CD44 ad CD62L on P
NP366C donor CD8C T cells from the blood at(A) day 10 and (C) day 30C post infection. (B,D,E) Frequencies of cD44ighcpe2LC cells DP NP366C donor CD8C
T cells from(B) blood at day 10 post infection, and from(D) blood as well as from(E) spleen, mediastinal lymph nodes (mLN) and lung at day 3D post infection were
quanti ed. Combined data from two independent experiments f D 9-10). Symbols represent individual mice, lines connect peed samples. Pairedt-test. *P < 0.05;
P < 0.01; **P < 0.001, ns: not signi cant.

DISCUSSION are not maintained as stable populations, but slowly decline
over time. Here, we show that CB8Tgy cells in the lungs
The maintenance of lung CI8Trw cells is distinct from that  diverge from R cells in the liver, intestine and skin in terms
of CDE& Trw cells at other sites. In contrast to CB8Trm  of their transcriptional regulation. Unlike their countergarin
cells in skin and small intestine, lung-resident CDg cells  other tissues, di erentiation and/or maintenance of lung 8D
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FIGURE 6 | TCF-1 expression in lung cb& Trwm cells is suppressed by Blimp-1.(A,B) Mixed bone marrow chimeras [WT:WT; WT:Hobit KO (HKO); WTiBip-1 KO
(BKO)] were infected intranasally with HKx31 in uenza virugt day 30C post infection (memory phase), the expression of TCF-1 bynis-speci ¢ (DP NP366%) WT
(CD45.1%), WT (CD45.8), HKO (CD45.%), and BKO (CD45.%) donor CD& T cells was analyzed. Expression of TCF-1 was analyzed in donCD8C Tgy, cells
(CD44M8hcpe2L C) from spleen and donor CDE Try cells (CD6Y° CD103C) from lungs. TCF-1 staining was validated using isotype cdrol staining on CD& Tey
cells (CD44‘i9hCD62LC) from spleen.(A) Representative histograms show expression of TCF-1, an¢B) graphs display frequencies of TCF-§ cells. Combined data
from two independent experiments § D 9-10). Symbols represent individual mice, lines connect paed samples. Pairedt-test. ***P < 0.001, ns: not signi cant.

Truw cells after in uenza virus infection was entirely indepentle  virus-speci ¢ memory CD8 T cells 34-36). Persistent antigen
of Hobit. Instead, we found that CD183lung CD& Tgrm may thus impact on the local CI¥8 Trm cell pool in the
cells exclusively depended on Blimp-1. Blimp-1 repressed tha@rways. Previous research has demonstrated the requitemen
formation of virus-speci c CD8& Tcwm cells and the expression of local antigen encounter for the establishment of EDBry
of the transcription factor TCF-1 in lung CB8Try cells. These cells in the lungs 7). However, it remains unclear whether
ndings may suggest that Blimp-1 controls the lineage choiceesidual antigen also in uences the maintenance of lung ED8
between CD8 Tcm and Try cells after in uenza infection and Try cells. TCR signaling can indudBlimp-1 expression in
highlight a unique aspect of the transcriptional regulatioh o T cells 38). Persistent viral antigen in the lungs may thus
CD8&" Tgrw cells in the lung. modulate Blimp-1 expression in CI58Try cells at this site and
In the skin, liver, kidney, and small intestine, CB8rMm  in turn bias the dependence of lung CcB8rgru cells toward
cell formation and/or maintenance is co-regulated by Habid  Blimp-1. In addition,Blimp-1expression is upregulated by pro-
Blimp-1 (20). Our data demonstrate that CD183CD8" Tgry  in ammatory cytokines, including IL-2 and IL-1230). After
cells in the lungs do not require Hobit for their formationub  in uenza virus infection, CD8 Try cells localize to sites of
entirely rely on Blimp-1. These ndings may re ect di erences tissue regeneration in the lungs8g), which may be characterized
in signals from the local microenvironment modulating Hobit by residual in ammation, thus favoringBlimp-1 expression.
and Blimp-1 expression. While in uenza virus causes an acut®ur transcriptional analysis revealed selective upreguiatib
infection of the airways, residual viral antigen can persist the IL-2 receptor alpha chainllgra) by CD6% CD8® Try
the lung and the draining lymph nodes for extended periodscells arising in the lungs after in uenza infection, poteaily
of time after clearance of the infectior84, 35. Presence of indicating increased responsiveness to IL-2. Furthermtire
remaining viral antigen can induce T cell responses longr aftesignaling is required for residency of CB& gy cells in the lungs
the infection and modulates the migration and localizatioh (40). Consequently, IL-2 and other pro-in ammatory cytokines
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may also act on lung CB38 Trw cells and enhance Blimp-1 resident populations are characterized by shared phenotypic,
expression, resulting in Blimp-1 dependent maintenance ad¢he transcriptional and functional features, but also exhibitaict
memory T cells. di erences across tissued( 28). In addition, growing evidence
In contrast to Blimp-1, Hobit does not appear to play ansuggests further heterogeneity of CD8rwm cells within one
essential role in the di erentiation and/or maintenance ahly  tissue. Expression of CD103 and CD49a delineates “CD8
CD8® Trum cells. Nevertheless, Hobit is speci cally expresse@ryu cell populations with discrete functional capacities in the
by CD6% CD8® T cells in the lungs after in uenza virus intestine and skin, respectivel2§ 49). In the lung, both
infection, indicating the presence of local cues driving ilob CD69 CD103 and CD6% CD10%¥ CD& Trwm cells arise
MRNA expression. The cytokine interleukin-15 (IL-15) medmt after in uenzas virus infection. While genetic ablation®ifmp-1
Hobit expression in a T-bet-dependent mannéd), Local IL- greatly impaired the formation of CD69 CD10¥ CD&
15 and potential other signals may thus promote Hobit MRNATgy cells, the CD69 CD103 population was less a ected,
expression in lung CDO8 Try cells. Epithelial cells in the suggesting distinct transcriptional regulation of the twibsets.
lung airways constitutively express IL-145l), and the cytokine Moreover, CD103 CD8® Try cells may occupy di erent sites,
mediates the recruitment of e ector CI8 T cells into the as they are unable to undergo interaction with E-cadherin
in amed lung after in uenza virus infection4{2). Furthermore, expressing epithelial cells, a process requiring CD103 expness
IL-15 is required for persistence of CDIOLDE" Try cells (50, 51). In line with this, CD103 CD&" Tgry cells in the
in the lungs ¢3), as well as for CO8 Tgry maintenance in intestine display localization and functional properties sepear
skin, salivary glands, and kidney3 44). Taken together, these from their CD10% counterparts 49). Hence, lung tissue may
ndings suggest a prominent role for IL-15 in modulating CB8 harbor distinct CD& Trw cell populations, delineated by CD103
T cell responses in the lungs. Whether IL-15 facilitates Hobiexpression and dependency on Blimp-1.
expression in lung CD8 Try cells in a similar fashion as  The transcriptional programs governing the di erentiation
in CD8® Tgrwm cells at other sites, remains to be determinedof naive CD§ T cells into di erent subsets of memory CI58
Despite being di erentially expressed, Hobit does not appeal cells, namely &v, Tem and Trwm cells, are gradually being
to have an essential role in the formation of lung Cb8ry  uncovered. However, it is still incompletely understood how
cells. Using transcriptional pro ling, we have detected Hobi transcription factors control the fate choice between themoey
and Blimp-1 expression at the mRNA level. However, this doe€D8® T cell subsets. Previous research has highlighted the
not necessarily re ect the expression of Hobit and Blimp-1 aimportance of the transcription factors Runx3 and Notch in
the protein level, which may be subject to posttranscriptionathe formation and/or maintenance of CI8 Try cells in
regulation. Currently, there are no tools available to stitbbit  the lungs. While Runx3 is required for the formation of
protein expression in mice. Regarding Blimp-1, we have recentlyng CD& Trwm cells, Notch regulates the maintenance of
demonstrated a discrepancy between the expression of Blimptiese cells 43 52). Here, we show that the transcription
at the transcriptional and protein level in memory CB8T  factor Blimp-1 promotes formation of lung CI¥8 Try cells,
cells @), suggesting regulation at the level of translation owhile suppressing the development of CD8cy cells. These
degradation. In line with this, Blimp-1 is similarly expreddgy = phenotypes were con ned to the Blimp-1 de cient, but not the
both CD6% and CD69 memory CD§ T cells in the lungs WT compartment of mixed BM chimeras, and are thus likely
at the transcript level, while Blimp-1 de ciency only perturbs due to cell-intrinsic e ects rather than indirect e ects inixang
the formation of lung CD8 Try cells. Therefore, di erences at competition for shared resources. Interestingly, Blimp-1d ha
the level of posttranscriptional regulation of Hobit and Bpri  no impact on the formation of CD4¥h CD62L CD8&
expression may shape the unique dependency of lungCg:  Tem cells, indicating that this transcription factor primarily
cells on Blimp-1. regulates the lineage choice between EDBry and Tewm
Our data demonstrate that lung C58Trm cells do not cells. We have previously demonstrated that Blimp-1 suppresses
require Hobit for their development, and this may havethe expression of TCF-1 via direct binding to the TCF-1
implications for their e ector functions. In contrast to citdating  encoding Tcf7 locus. ConsistentlyTcf7 downregulation is a
memory CD& T cells, CD§ Try cells in many tissues maintain common feature of resident lymphocyte populatior&)( We
high levels of the cytotoxic mediator granzyme ® 26, 45).  also observed low expression of TCF-1 protein in lung €D8
On a transcriptional level, we could show that lung CD8ry  Trm cells, which was strongly increased upon genetic ablation
cells express elevated levels of granzyme B mRNA. Howewvgr, luof Blimp-1. TCF-1 is an essential transcription factor driyin
CD8F Tgrw cells do not retain granzyme B protein expression andhe development of circulating memory CB8T cells, in
exhibit little cytotoxicity @6, 47). We recently showed that Hobit particular of CD& Tem cells 82, 33 53). The suppression
is essential for maintenance of granzyme B expressionindiveé  of TCF-1 by Blimp-1 may suggest that Blimp-1, in concert
intestinal CD& Tgy cells Q). This may indicate a functional link with TCF-1, controls the fate choice between CD&ry
between the poor cytolytic potential of lung CB&ry cellsand and Tewm cells. It will be interesting to determine if and
their independence from Hobit-mediated regulation. Whathe how these two transcription factors drive this lineage cbkoic
Blimp-1 and/or Hobit regulate e ector responses of lung Cb8 during CD& T cell dierentiation. This is of particular
Trwm cells upon reinfection, remains to be determined. interest in the context of therapeutic approaches aiming to
Immunosurveillance of peripheral tissues for reinfectionmodulate the balance between dierent memory CD8r
is primarily performed by CD8 Trm cells ¢8. These cell subsets.

Frontiers in Immunology | www.frontiersin.org 10 March 2019 | Volume 10 | Article 400



Behr et al. Blimp-1 Drives Lung Ty Cell Formation

Similar to mice, crossprotection against in uenza virus inln uenza Virus Infection

humans is strongly correlated with the presence of E08cells  Mice were infected intranasally with 100x TGg{median tissue

speci ¢ to conserved viral epitopes4, 55). Moreover, CD§ T culture infectious dose) of HKx31 in uenza A virus in a volem

cells recognizing respiratory viruses, including in uenziaus, of 50m after anesthetization by inhalation of iso urane. HKx31

are enriched in the human lung6, 57). A substantial fraction virus was kindly provided by Dr. Guus Rimmelzwaan (University

of these virus-speci ¢ CO8 T cells express markers of tissue-of Veterinary Medicine Hannover). At the indicated time paént

residency, including CD69 and CD103g 59), indicating the after infection, mice were sacri ced, and tissues were bésted

presence of bona de in uenza-speci ¢ CI58Try cells within  for analysis of CD8 T cell responses.

the human lung. Transcriptional pro ling of human lung CI58

Trw cells has demonstrated a strong overlap with gene signaturd iISsue Preparation

of CD& Tru cells from dierent murine tissues, including Single cell suspensions from spleen and lymph nodes were

the selective upregulation of tissue retention moleculeg.(e prepared by mechanical disruption via passing of the tissues

CD49a, CD103, CD69), and the downregulation of tissue sgresver a 70mm cell strainer. Lung tissue was cut into pieces of

receptors (e.g., SIPR1, S1IPRB)29). In line with our ndings 1 mm? and enzymatically digested for 30 min at &7 with

in mice, CD& Try cells in the human lung exhibit no di erential 750 U ml  Collagenase Type | (Worthington) and 0.31 mg rhl

expression of Blimp-1 on the transcriptional level in companiso DNase | (Roche, from bovine pancreas, grade Il) in RPMI 1,640

to circulating CD§ Tgy cells £3). In contrast to their murine  supplemented with 10% (v/v) fetal calf serum (FCS). Single

counterparts, Hobit mMRNA is not dierentially expressed in cell suspensions were generated by ltering over an#0Ocell

human lung CD§& Trwm cells, relative to the expression in strainer and the isolated lymphocytes were puri ed by density

CD&° Tewm cells 3 29), partly because the latter population centrifugation on a 66/44% Percoll gradient (GE Healthgare

also expresses Hobit in humang3( 60). This may suggest Lung lymphocytes were extracted from the interphase of the

that Hobit is not speci cally involved in the di erentiation o Percoll gradient. Contaminating erythrocytes were rentbve

human lung CD& Trum cells. It remains to be determined if using red blood cell lysis bu er (155 mM NiCI, 10 mM KHCG;,

Blimp-1, on the other hand, promotes CB8ry di erentiation 0.1 mM EDTA).

in humans.

We show that CD103 CD& Tgry cell formation in the Flow Cytometry

lungs after inuenza virus infection is dependent on the Cells were incubated with antibodies and tetramers for 25atin

transcription factor Blimp-1. Blimp-1 driven suppression of 4 C and washed with PBS supplemented with 0.5% (v/v) FCS.

TCF-1 expression may instruct the lineage choice betweehhe following anti-mouse monoclonal antibodies were used:

CD8® Tem and Trwm cells during memory CD8 T cell anti-CD3 (17A2), anti-CD4 (RM4-5), anti-CD8a (53-6.7), anti

formation. As there is growing recognition of the clinical CD44 (IM7), anti-CD45.1 (A20), anti-CD45.2 (104), anti-C&x

importance of tissue-resident T cell memory, we believe thatiHa31/8), anti-CD62L (MEL-14), anti-CD69 (H1.2F3), anti-

insights into the transcriptional mechanisms governingadioc CD103 (M290), anti-CD127 (A7R34), anti-CXCR6 (SA051D1),

CD8® Tgrwm cell dierentiation are an important prerequisite anti-KLRG1 (2F1), anti-TCF-1 (S33-966), mouse Igleisptype

for the development of novel vaccination approaches ircontrol (P3.6.2.8.1). Antibodies were purchased from Bielnel,

the lungs. eBiosciences, BD Biosciences, or BD Pharmingen. In uenza-
virus-specic CD& T cells were detected using H-2°D
ASNENMETM (NBRsgs 374) tetramers ([9 NP366), which were

MATERIALS AND METHODS a kind gift of Dr. Anja ten Brinke (Sanquin Research). Exclosio
_ of dead cells was performed with live/dead xable near-IR
Mice dead cell stain kit (Thermo Fisher Scienti c). For stainiog

C57BL/6JRj (CD452WT) mice were purchased from Janvier intracellular molecules, the Foxp3/Transcription FactoriiStay

and B6.SJIRtpr@ Pepb/BoyJ (CD45.% WT) mice from the Bu er Set (eBioscience) was used according to the manufatture
Jackson Laboratory. Both lines were crossed to genera®JIB6. speci cations. Samples were acquired on an LSR Fortessa ow
Ptpré Pep€/BoyJ x C57BL/6JRj mic&fp683 = (Hobit KO)  cytometer (BD) and data was analyzed using FlowJo V10 (Tree
(61), Prdm10%=0% Lck Cre @limp-1 KO) mice (24) and  star) software.

Zfp683 =  Prdm1°%=°% | ck Cre mice 20) were maintained

on a C57BL/6JRj background. For the generation of mixe®RNA-Seq Analysis

bone marrow (BM) chimeras, CD45.1 CD45.2 (B6.SJPipré A subset of previously published RNA-seq (CEL-seq) data (geo
Pepb/BoyJ C57BL/6JR]) recipient mice were irradiated (2xaccession number GSE79774)3)( was reanalysed. DMSO-
5Gy) and reconstituted with i.v. transfer of 1P BM cells treated CD6§ and CD69 memory (CD449" CD62L'°)

per genotype. Mixed BM chimeras were used 12-16 weeks af@bg® T cells isolated from murine lungs at day GOafter
reconstitution and chimerism of lymphocytes was con rmed HKx31 infection were analyzed to determine the tissue-esid
prior to usage. All mice were maintained under SPF conditionghenotype of these populations. Reads were rstaligned to mm10
in the animal facility of the Netherlands Cancer InstitutéKl).  genome with STAR, followed by read count quanti cation with
Animal experiments were conducted according to institutbn featureCounts using Ensembl's v92 annotation with modiica

and national guidelines. of Zfp683 Since CEL-seq was used, only tled of the genes
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is sequenced, and inspecting the alignments manually redealwere approved by the Animal Welfare Body of the Netherlands
that the reads that mapped td@fp683were outside Ensembl's Cancer Institute (NKI).

de ned region of the gene. We therefore extended tRergl of

Zfp683with 1,057 nucleotides to include all reads of this gene. TAUTHOR CONTRIBUTIONS

nd di erentially expressed (DE) genes, rstlow expressed gen

were removed (retained genes had more than 1 cpm (counfsB and KvG conceived and designed studies. FB, NK,
per million) in at least four samples), followed by limma voomTW, and RS performed animal experiments and FB
and quantile normalization. A linear model was tted to eachanalyzed data. BN analyzed RNAseq data provided
gene using a design that also included mouse (paired) anarijbr by PH and DA. FB and KvG wrote the manuscript.
(batch) e ect, and eBayes moderated t-statistics were useuit ~ All authors provided critical feedback and approved
DE genes between CD%%nd CD69 memory CD§ T cells.  the manuscript.

Benjamini-Hochberg procedure was used for FDR correction,

and adjusted® < 0.05 were considered signi cant. FUNDING

FB and KvG were supported by Vidi grant 917.13.338 from the
Netherlands Organization for Scienti c Research (NWO) and a
fellowship of the Landsteiner Foundation for Blood Transuns

0.05 were considered statistically signi canP(< 0.05; P<  Research. RS was supported by a Fellowship from the Alexander
0.01; P < 0.001). The Morpheus software (https://softwareyon Humboldt Foundation and by Veni grant 016.186.116
broadinstitute.org/morpheus), developed by the Broad to&, from NWO.

was used to generate heat maps. Values were converted to heat

map colors using the mean and maximum values for each row. ACKNOWLEDGMENTS
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