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Abstract

Upon resolution of acute viral infections, a minor population of effector CD8+ T cells 
persists as memory precursor effector T cells (MPECs). These effector T cells have the 
capacity to form memory CD8+ T cells that are retained as tissue-resident memory T cells 
(TRM) in peripheral tissues. We have previously shown that the transcription factor Hobit 
and its homolog Blimp1 drive TRM development in several tissues after viral infection, 
but how and when these transcription factors mediate TRM formation remains poorly 
understood. In particular, the major impact of Blimp-1 in regulating several aspects of 
effector T cell differentiation impairs study of the specific role of this transcription factor 
in TRM development. Here, we used the restricted expression of Hobit in the TRM lineage 
to develop mice with a conditional deletion of Blimp1 in TRM, allowing us to investigate 
the role of both transcription factors in TRM precursors without affecting the early, Blimp1 
dependent steps, in effector T cell differentiation. We found that both Hobit and Blimp1 
were required for the upregulation of CD69 on virus-specific TRM precursors after LCMV 
infection, underlining a role of these transcription factors in the retention of TRM precursors 
within tissues. The early impact of Hobit and Blimp1 favored TRM formation and prevented 
the development of circulating memory T cells. Thus, our findings highlight a role of 
Hobit and Blimp1 at the branching point of circulating and resident memory lineages by 
suppressing tissue egress of TRM precursors at early stages of infection.
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Introduction

Immunity against intracellular pathogens relies on CD8+ T cells that can specifically 
eliminate infected cells through the production of cytotoxic molecules and pro-
inflammatory cytokines. CD8+ T cell responses start with the priming of naïve CD8+ T cells 
by recognition of pathogen-derived antigens presented on antigen-presenting cells (APCs) 
in the lymph nodes (LNs). Antigen-triggered CD8+ T cells proliferate and differentiate into 
effector T cells that migrate to the site of infection, where they eradicate the pathogen1,2. 
The majority of effector CD8+ T cells undergo a program of terminal differentiation and 
perish once the pathogen is cleared. These terminal effector cells are known as short-
lived effector cells (SLECs). A minor effector population, termed memory precursors 
effector cells (MPECs), survives and retains the capacity to develop into memory CD8+ 
T cells3,4. Differences in the migration pattern and function classify memory CD8+ T cells 
into circulating and resident memory T cells. Circulating memory T cells consist of central 
memory (TCM) and effector memory CD8+ T cells (TEM), that continuously patrol the body 
in search of invading pathogen5. In contrast, tissue-resident memory CD8+ T cells (TRM) 
permanently reside in peripheral tissues and provide enhanced local protection against 
reinfection, given their strategic location at sites of pathogen entry and their ability to 
rapidly upregulate effector functions6,7. 

Several transcription factors have been implicated in driving antigen-triggered CD8+ T 
cells towards either a terminal or a memory stage upon infection. The transcription factors 
Runx3, Blimp1, Tbet, Notch and Id2 have been described to mediate terminal effector 
CD8+ T cell differentiation and the acquisition of effector functions3,8–12. In contrast, the 
transcription factors Eomes, Bcl6 and Id3 have been implicated in promoting memory T 
cell development12–16. Although several transcription factors have been shown to regulate 
the development of memory T cells, how and when antigen-triggered CD8+ T cells branch 
into resident and circulating memory lineages remains poorly understood.

We have recently described that the TRM lineage is already established during the 
effector stage of the immune response upon viral infection. We have characterized a subset 
of effector CD8+ T cells in tissues as TRM precursors, which are biased to form TRM rather than 
circulating memory T cells17. These committed TRM precursors were specifically identified 
by expression of the TRM-restricted transcription factor Hobit17. Early commitment to the 
TRM lineage was also observed by others. During priming, signals from type 1 classical 
dendritic cells in the draining LNs appear specifically required to favor the development 
of effector CD8+ T cells into TRM in the skin18. A recent study has shown that T cell clones 
with a higher propensity to form TRM are present in the circulation before tissue entrance 
after skin vaccination19. Furthermore, the transcription factor Id3 identifies effector CD8+ T 
cell with elevated potential to form TRM in the small intestine20,21. Altogether, these findings 
underline that the transcriptional program driving the separation of the TRM lineage from 
circulating memory T cells and terminal effector T cells takes place at early stages of the 
immune response.
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Previously, we have demonstrated that Hobit and its homolog Blimp1 are essential 
for the formation of CD8+ TRM cells throughout tissues, including skin, liver, kidneys, and 
the small intestine22. However, how and when Hobit and Blimp1 instruct the branching 
off of TRM from terminal effectors and circulating memory T cells upon infection remains 
unresolved. Expression of Hobit appears highly restricted to the TRM lineage and allows 
for the unequivocal identification of TRM precursors17,22. In contrast, Blimp1 is broadly 
expressed in antigen-experienced T cells and promotes terminal differentiation of effector 
CD8+ T cells besides instructing TRM formation8,9,22. Given that Blimp1 has a major impact 
in multiple processes involving effector CD8+ T cell differentiation, it has not yet been 
possible to investigate the specific role of Blimp1 in the TRM lineage. Therefore, exploiting 
the specific expression pattern of Hobit, we developed mice with a conditional deletion of 
Blimp1 within the TRM lineage to specifically investigate the role of both Hobit and Blimp1 
in TRM differentiation. In the absence of Hobit, TRM-specific deletion of Blimp1 reduced TRM 
formation. Interestingly, TRM precursors formed in the absence of Hobit and Blimp1, but 
displayed impaired upregulation of CD69 expression, indicating a dedicated role of both 
transcription factors in the early suppression of tissue egress. Thus, our results show that 
Hobit and Blimp1 cooperatively contribute to the upregulation of CD69 in TRM precursors 
during the effector phase of the immune response, which favors the subsequent formation 
of TRM cells.
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Results
										        
Hobit expression is restricted to the TRM lineage and Blimp1 is widely expressed in 
antigen-experienced CD8+ T cells.
To evaluate the expression of Hobit and Blimp1 in virus-specific CD8+ T cells at different 
stages of the immune response, we infected HobittdTom/WT BlimpGFP/WT (HR BlGFP) mice, that 
simultaneously report Hobit and Blimp1 expression, with lymphocytic choriomeningitis 
virus (LCMV) Armstrong. The differentiation of virus-specific (Db Gp33+) CD8+ T cells 
into memory CD8+ T cells was monitored in spleen, liver, kidney and intra-epithelial 
lymphocytes (IEL) of the small intestine (SI) at >30 days post-infection (p.i.). Virus-specific 
CD8+ memory T-cells were classified based on the expression of CD62L and CD69 into TCM 
(CD62L+ CD69-), TEM (CD62L- CD69-) and TRM (CD62L- CD69+) (figure S1A). In line with our 
previous studies23, we found that Hobit (tdTomato) expression was confined to the TRM 
compartment (figure 1A-B). In contrast, Blimp1 (GFP) was widely expressed in TCM, TEM and 
TRM, although Blimp1 expression was lower in TCM compared to the other memory fractions 
(figure 1C-E), as previously reported9,24. Accordingly, transcriptional analysis showed that 
Blimp1 expression was increased in all memory CD8+ T cell subsets in comparison to the 
naïve compartment (figure S1B). These data underline that Hobit expression is restricted 
to TRM while Blimp1 is broadly expressed in circulating and resident CD8+ T cells during the 
memory phase of infection.

We have recently found that Hobit identifies effector CD8+ T cells that have committed 
to the TRM lineage17. Previous studies have shown that Blimp1 upregulation also takes place 
during the effector phase after viral infection, but the expression of Blimp1 in TRM precursors 
has remained unknown. Analysis of LCMV-specific CD8+ T cells at day 8 p.i. showed higher 
expression of Blimp1 in (CD127-KLRG1+) SLECs compared to (CD127+KLRG1-) MPECs 
(figure S1C-E), as previously reported8,9. We found that Hobit+ virus-specific effector CD8+ 
T cells consistently expressed slightly lower levels of Blimp1 compared to Hobit- cells in 
the spleen, liver and kidney, but not in the SI IEL (figures 1F-G and S1F). Transcriptional 
analysis showed that Blimp1 is upregulated in total effector CD8+ T cells compared to 
naïve CD8+ T cells, but did not reveal significant differences between Hobit- and Hobit+ 
subsets of effector CD8+ T cells (figure S1G). Thus, these results show that Hobit expression 
is confined to the TRM lineage, whereas Blimp-1 is broadly upregulated in effector CD8+ T 
cells including TRM precursors and maintained in all subsets of memory CD8+ T cells after 
viral clearance.
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Figure 1. Hobit is restricted to the TRM lineage and Blimp1 is widely expressed in antigen-experienced CD8+ 
T cells. Wild type control (WT) and HR BlGFP mice were infected with LCMV Armstrong and virus-specific (Gp33+) 
CD8+ T cells were analyzed by flow cytometry at day 8 and day >30 post-infection (p.i.). (A-D) Representative 
histograms depict (A) tdTomato (Hobit) and (C) GFP (Blimp1) expression in Gp33+ TCM, TEM and TRM from WT (grey) 
and HR BlGFP mice at day >30 p.i. (B, D) The geometric mean fluorescence intensity (geo MFI) of (B) tdTomato 
and (D) GFP expression was quantified in Gp33+ CD8+ T cells from the indicated tissues. (E) Representative flow 
cytometry plots display expression of GFP and tdTomato in virus-specific memory CD8+ T cells from the liver. 
(F) Representative histograms depict GFP expression in WT and tdTomato+ and tdTomato- Gp33+ CD8+ T cells of 
HR BlGFP mice at day 8 p.i. (G) The geo MFI of GFP expression was quantified in tdTomato+ and tdTomato- cells in 
the indicated tissues. (H) Representative flow cytometry plots display expression of GFP and tdTomato in virus-
specific CD8+ T cells from the kidney of WT and HR BlGFP mice at day 8 p.i. (A-H) Symbols represent individual mice. 
Error bars represent mean ± SEM. (A-E) Representative data of one (n = 4) out of two independent experiments. 
Bars represent the mean. One-way ANOVA; (F-H) Combined data from two independent experiments (n = 6). 
Dotted lines connect paired samples. Paired t-test; * P < 0.05; ** P < 0.01; *** P < 0.001.
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Hobit and Blimp1 instruct the separation between the TRM and TCM lineages upon Hobit 
upregulation.
We have previously addressed the role of Hobit and Blimp1 in memory CD8+ T cell 
differentiation using mice that completely lacked Hobit and Blimp1 in the T cell lineage22. 
These Hobit and Blimp1 double deficient mice have defects in both terminal effector 
and TRM differentiation, complicating the study of the specific role of these transcription 
factors in the TRM lineage. Here, we have used the newly developed reporter HobittdTom/KO 
Blimpfl/fl (HRKO Blfl) mice to specifically address the role of Hobit and Blimp1 within the TRM 
lineage (figure S2A). One of the Hobit alleles of the HRKO Blfl mice is disrupted by a trapping 
cassette while the other allele is disrupted by insertion of the Hobit reporter construct, 
resulting in functional deficiency of Hobit, but permitting tracking of the transcriptional 
activity at the Hobit locus through tdTomato expression (figure S2A). The Hobit driven 
Cre-recombinase is designed to mediate the excision of the floxed Blimp1 allele in 
Hobit-expressing cells (figure S2A). Given that Hobit is only consistently expressed in TRM 
precursors at day 8 after infection17, these mice offer a unique opportunity to address the 
role of Blimp1 in the TRM lineage without affecting early effector CD8+ T cell differentiation. 
To assess the efficiency of the Hobit-driven Cre-recombinase to delete Blimp1 in TRM, 
tdTomato+ and tdTomato- memory CD8+ T cells were isolated from the liver and SI IEL of 
LCMV-infected HRKO Blfl and control HR mice at day >30 p.i. Using PCRs that distinguish 
the deleted from the non-deleted Blimp1 locus, we observed that the Blimp1 gene was 
largely deleted in tdTomato+ CD8+ T cells from both liver and SI IEL of HRKO Blfl mice, but not 
in tdTomato- CD8+ T cells of these mice or in CD8+ T cells from these organs of control HR 
mice (figure S2B). Conversely, the non-deleted Blimp1 gene was detected more strongly 
in the tdTomato- fraction compared to the tdTomato+ fraction of CD8+ T cells of HRKO Blfl 
mice (figure S2C). Thus, the HRKO Blfl mouse enabled us to specifically address the role of 
Hobit and Blimp1 during TRM development.

We followed the differentiation of virus-specific (Gp33+) memory CD8+ T cells in 
LCMV-infected HRKO Blfl and control HR mice. The formation of Gp33+ memory T cells was 
comparable between HRKO Blfl and HR mice in blood, peripheral lymph nodes (pLN), and 
peripheral tissues including liver, kidney and IEL and lamina propria (LPL) of the small 
intestine at day >30 p.i (figure 2A-B). An increase in the percentage of Gp33+ memory CD8+ 
T cells was observed in spleen of HRKO Blfl mice compared to HR mice (figure 2B). Analysis 
of memory CD8+ T cell subsets showed reduced formation of tdTomato+ TRM in spleen, liver 
and kidney (figure 2C-D), but not in the IEL and LPL compartment of the small intestine 
of HRKO Blfl mice compared to HR mice (figure 2C-D). In contrast, we observed increased 
formation of TCM in spleen and pLN of HRKO Blfl mice compared to HR mice (figure 2E and F). 
These findings suggest that Blimp1 acts within the TRM lineage after upregulation of Hobit 
to instruct TRM formation together with Hobit. Moreover, our data indicate that Hobit and 
Blimp1 impair the development of TCM.
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Figure 2. Hobit and Blimp1 instruct the separation between the TRM and TCM lineages.
HR and HRKO Blfl mice were infected with LCMV Armstrong and virus-specific (Gp33+) CD8+ T cells were analyzed 
by flow cytometry at day >30 post-infection (p.i.). (A) Flow cytometry plot displays the binding of Db Gp33 
tetramers to CD8+ T cells from the blood of HR and HRKO Blfl mice. (B) The frequency of the LCMV-specific CD8+ 
T cells was quantified. (C-F) Representative flow cytometry plots show (C) tdTomato and CD69 and (E) CD62L 
and CD69 expression in Gp33+ CD8+ T cells within the indicated tissues. The frequency of (D) tdTomato+ TRM and 
(F) TCM within Gp33+ CD8+ T cells was quantified. Combined data from two independent experiments (n = 5-6). 
Symbols represent individual mice. Error bars represent mean ± SEM. Unpaired t-test; * P < 0.05; ** P < 0.01; **** 
P < 0.0001.
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WT and HRKO Blfl compartments in a 1:1 ratio (figures 3A and S3A). The HR and HRKO Blfl donor 
stem cells contributed equally compared to the WT donor stem cells to the establishment 
of CD8+ T cells (figure S3B and C). WT-HR and WT- HRKO Blfl mixed BM chimeras were infected 
with LCMV Armstrong to analyze the virus-specific memory CD8+ T cell response at day 
>30 after infection (figure 3A). The WT and HR compartments contributed similarly to the 
formation of Gp33+ CD8+ memory T cells in lymphoid and peripheral tissues of WT-HR BM 
chimeras (figure 3B and C). In contrast, the HRKO Blfl compartment was overrepresented 
in Gp33+ memory CD8+ T cells of lymphoid tissues, while this compartment was subtly 
underrepresented in virus-specific memory cells in peripheral tissues, including kidney 
and SI IEL of WT and HRKO Blfl mixed BM chimeras (figure 3B,D). Underlining the differences 
in the distribution of WT and HRKO Blfl memory CD8+ T cells, we observed that TCM in 
blood, spleen, pLN and mesenteric LNs (mesLN) were relatively increased within the HRKO 
Blfl compartment compared to the WT compartment (figure 3E-F), whereas TRM in liver, 
kidney and SI IEL were substantially decreased in the HRKO Blfl compartment relative to 
the WT compartment (figure 3E,G). In WT and HR mixed BM chimeras no differences were 
observed in the contribution of the donor compartments to the formation of TCM and TRM 
(figure 3E, H, I). Thus, these findings support that Hobit and Blimp1 instruct TRM formation 
and restrict TCM development in antigen-triggered CD8+ T cells that have already passed 
the initial differentiation steps and have upregulated Hobit expression.

Blimp1 does not regulate terminal differentiation upon establishment of the TRM 
lineage.
Recently, we have identified TRM precursors through their specific expression of Hobit 
during the effector phase of infection17. To evaluate the impact of Hobit and Blimp1 on 
TRM precursor formation, virus-specific effector CD8+ T cells of LCMV-infected HR and 
HRKO Blfl mice were analyzed at day 8 p.i. We were able to identify tdTomato expression 
indicating upregulation of Hobit in a subset of effector CD8+ T cells located in peripheral, 
but not in lymphoid tissues (figure 4A-B), in line with previous findings17. We did not 
observe differences in the presence of tdTomato+ effector CD8+ T cells between HRKO Blfl 
and control HR in blood, lymphoid tissues such as spleen and pLN, or in peripheral tissues 
including liver, kidney, SI IEL and SI LPLs (figure 4A- B), suggesting that lack of Hobit and 
Blimp1 does not compromise the presence of TRM precursors within the tissues at day 8 
post LCMV infection. 

Previously, Blimp1 has been shown to induce terminal effector differentiation8,9,25. 
However, whether Blimp1 instructs terminal differentiation in already established TRM 
precursors has not yet been addressed. We analyzed the distribution of  (KLRG1- CD127+)
MPECs and (KLRG1+ CD127-) SLECs in the tdTomato+ and tdTomato- fractions of both 
HRKO Blfl and control HR mice (figure 4C-H). We found no differences in KLRG1 and CD127 
expression in circulation, lymphoid and peripheral tissues of HRKO Blfl and control HR 
mice, suggesting that Blimp1 does not affect terminal differentiation within the Hobit+ 
lineage (figure 4C-H). Therefore, these results show that Blimp1 does not drive terminal 
differentiation upon establishment of TRM precursors.
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Figure 3. Hobit and Blimp-1 instruct TRM fate after Hobit upregulation.
(A) Scheme shows the setup of the LCMV infection experiment in mixed bone marrow (BM) chimeras from WT 
and HR mice or WT and HRKO Blfl mice (1:1 ratio) to analyze virus-specific memory CD8+ T cells at day >30 p.i. by 
flow cytometry. (B) Representative flow cytometry plots display CD45.1 and CD45.2 to identify the contribution 
of WT (CD45.1+) and HR and HRKO Blfl (CD45.2+) to the Gp33+ CD8+ T cell fraction in the indicated tissues at day >30 
p.i. (C, D) The log2 ratio of Gp33+ CD8+ T cells of (C) HR (transgenic, tg) and (D) HRKO Blfl (tg) relative to WT controls 
was quantified in the indicated tissues. (E) Representative flow cytometry plots display expression of CD62L and 
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CD69 of LCMV-specific memory CD8+ T cells of the WT (black) and HRKO Blfl (green) compartment in the indicated 
tissues of WT-HRKO Blfl chimeric mice. (F-I) The frequency of (F, H) TCM and (G, I) TRM within Gp33+ CD8+ T cells from 
WT and transgenic mice is displayed. Symbols represent individual mice. Dotted lines connect paired samples. 
Representative data of one (n = 3-4) out of two independent experiments. Paired t-test; * P < 0.05; ** P < 0.01.

Figure 4. Blimp1 does not regulate terminal differentiation upon establishment of the TRM lineage.
(A) Representative flow cytometry plots display tdTomato expression in Gp33+ CD8+ T cells isolated from the 
kidney of HR and HRKO Blfl mice at day 8 after LCMV infection. (B) Expression of tdTomato was quantified in Gp33+ 
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CD8+ T cells of HR and HRKO Blfl mice in the indicated tissues at day 8 p.i. (C, D) Representative flow cytometry plots 
show expression of CD127 and KLRG1 within (C) tdTomato+ or (D) tdTomato- virus-specific CD8+ T cells isolated 
from the kidney of HR and HRKO Blfl mice. (E-H) The percentage of (E, F) MPECs (KLRG1- CD127+) and (G, H) SLECs 
(KLRG1+ CD127-) was determined within the (E, G) tdTomato+ and (F, H) tdTomato- fraction of Gp33+ CD8+ T cells. 
Combined data from two independent experiments (n = 4-7). Symbols represent individual mice. Error bars 
represent mean ± SEM. Unpaired t-test.

Hobit and Blimp1 promote CD69 expression on TRM precursors. 
We next evaluated whether Hobit and Blimp1 affected the phenotype of TRM precursors 
during the effector phase. For this purpose, we studied the expression of TRM-associated 
molecules in tdTomato+ and tdTomato- virus-specific effector CD8+ T cells at day 8 p.i. 
Interestingly, we found a substantial reduction of CD69 expression in the tdTomato+ 
fraction of liver, kidney, SI IEL and SI LPL of HRKO Blfl compared to control HR mice (figure 
5A-C). In contrast, the tdTomato- population remained largely unaffected (figure 5A, 
D-E). To determine whether Hobit, Blimp1 or both transcription factors were responsible 
for the downregulation of CD69 expression, we monitored the development of LCMV-
specific effector CD8+ T cells from single HRKO and HR Blfl mice, in which either Hobit or 
Blimp-1 were specifically deleted from the TRM lineage, respectively. Remarkably, we 
did not observe differences in CD69 expression in tdTomato+ effector CD8+ T cells in 
control HR, HRKO or HR Blfl mice in contrast to the tdTomato+ fraction of HRKO Blfl mice, 
which showed a reduction in CD69 expression (figure S5A-D). These findings indicate 
that Hobit and Blimp1 cooperatively regulate CD69 expression. In contrast, no differences 
were observed in the expression of CD103 or the TRM-associated molecules CD49a and 
CXCR617 on tdTomato+ virus-specific effector CD8+ T cells of control HR, HRKO, HR Blfl or 
HRKO Blfl mice (figure S5E-J), indicating that neither Hobit or Blimp1 drive the expression of 
CD103, CD49a and CXCR6 on TRM precursors. Frequencies of CD62L+ effector CD8+ T cells 
in pLNs tended to be higher in HRKO Blfl mice compared to HR mice (figure 5F and G), in 
line with the increased numbers of TCM in the memory phase (figure 2 and 3). Altogether, 
these findings indicate that Hobit and Blimp1 cooperatively instruct upregulation of CD69 
expression on Hobit+ TRM precursors.

Next, we developed mixed BM chimeras with control HR and HRKO Blfl BM in a 1:1 ratio 
(figures 6A and S6A) to exclude impact of viral clearance on the Hobit and Blimp1-driven 
regulation of effector CD8+ T cells. The donor HR and HRKO Blfl stem cells contributed 
similarly to the establishment of the CD8+ T cell lineage (figure S6B-C). Analysis of 
Gp33+ T cells at day 8 after LCMV infection showed that the HRKO Blfl compartment was 
at a disadvantage in populating peripheral organs such as kidney and small intestine 
compared to the HR compartment (figure 6B-C). The expression of tdTomato was equal 
in both HR and HRKO Blfl virus-specific effector CD8+ T cells (figure 6D). In line with our 
previous observations, tdTomato+ effector CD8+ T cells, but not tdTomato- effector CD8+ T 
cells, from the HRKO Blfl compartment displayed a reduction of CD69 expression compared 
to the HR compartment (figure 6E-G). Moreover, CD62L expression appeared slightly 
increased on the HRKO Blfl fraction compared to the HR fraction of effector CD8+ T cells 
in the pLNs (figure S6D-E). Taken together, these studies indicate that Hobit and Blimp1 
instruct CD69 expression on effector CD8+ T cells favoring the subsequent development 
of TRM during the memory phase of the immune response. Thus, Hobit and Blimp1-driven 
CD69 upregulation appears an early event in the establishment of the TRM lineage.
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Figure 5. Hobit and Blimp1 promote CD69 expression on TRM precursors. 
(A) Representative flow cytometry plots display CD69 and tdTomato expression within Gp33+ CD8+ T cells in the 
indicated tissues of HR and HRKO Blfl mice at day 8 after LCMV infection. (B-E) The percentage of CD69 expression 
was quantified in (B) tdTomato+ and (D) tdTomato- virus-specific CD8+ T cells of HR and HRKO Blfl mice. (C, E) 
Representative histograms display CD69 expression in (C) tdTomato+ and (E) tdTomato- virus-specific CD8+ T cells 
in the indicated tissues of HR (grey) and HRKO Blfl (green) mice. (F) Representative flow cytometry plots display 
CD69 and CD62L expression within Gp33+ CD8+ T cells in the pLNs of HR and HRKO Blfl mice at day 8 after LCMV 
infection. (G) The percentage of CD62L expression was quantified within Gp33+ CD8+ T cells in the indicated 
tissues of HR and HRKO Blfl mice at day 8 after LCMV infection. Combined data from two independent experiments 
(n = 4-7). Symbols represent individual mice. Error bars represent mean ± SEM. Unpaired t-test; ** P < 0.01, *** 
P < 0.001.
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Figure 6. Hobit and Blimp1 promote CD69 expression on TRM precursors. 
(A) The experimental setup of LCMV infection in mixed bone marrow (BM) chimeras from HR and HRKO Blfl mice 
(1:1 ratio) is shown. (B) Representative flow cytometry plots display CD45.1 and CD45.2 expression to identify 
the contribution of HR (CD45.1+) and HRKO Blfl fl (CD45.2+) to the Gp33+ CD8+ T cell population of chimeric mice at 
day 8 p.i. (C) The log2 ratio of the percentage of Gp33+ CD8+ T cells of HRKO Blfl mice relative to those of HR mice 
was quantified in the indicated tissues. (D) The percentage of tdTomato expression was quantified in the HR and 
HRKO Blfl compartments of Gp33+ CD8+ T cells in the indicated tissues of chimeric mice. (E) Representative flow 
cytometry plots display tdTomato and CD69 expression within the HR and HRKO Blfl compartment of Gp33+ CD8+ 
T cells in the indicated tissues of chimeric mice. (F, G) The percentage of CD69 expression was quantified in (F) 
tdTomato+ and (G) tdTomato- virus-specific CD8+ T cells of the HR and HRKO Blfl compartment of chimeric mice. 
Symbols represent individual mice. Dotted lines connect paired samples. Representative data of one (n = 5) out 
of two independent experiments. Paired t-test; * P < 0.05; ** P < 0.01.

Discussion

The differentiation of CD8+ T cells into distinct subsets of memory CD8+ T cells is a tightly 
regulated process under the control of a network of transcription factors. Here, we studied 
the role of Hobit and Blimp1 during TRM development using mice that allowed tracking of 
the TRM lineage through the Hobit reporter and enabled the removal of these transcription 
factors from the TRM lineage. We found that TRM precursors could still be formed in the 
absence of Hobit and Blimp1, but both transcription factors were required to instruct the 
upregulation of the tissue-retention molecule CD69 on TRM precursors. The impact of Hobit 
and Blimp1 on effector T cells favored TRM development and suppressed TCM formation 
during the memory phase of the immune response. These findings underline an essential 
role of Hobit and Blimp1 at the branching point of the TCM and TRM lineages, by promoting 
retention of TRM precursors, while restricting TCM formation.

We have previously shown that Hobit and Blimp1 drive TRM differentiation22, but the 
role of these transcription factors in early events of TRM development remained unresolved 
due to the inability to identify TRM precursors. We and others have shown that effector CD8+ 
T cells destined to develop into TRM already separate from other memory T cell lineages 
at early stages of the immune response19–21. Given that these committed TRM precursors 
uniformly expressed Hobit, we had the opportunity to interrogate the role of Hobit 
and Blimp1 in early events of TRM differentiation using Hobit and Blimp1 deficient Hobit 
reporter mice. We found that Hobit was not essential for the formation of TRM precursors 
as identified by expression of the Hobit reporter. Moreover, Hobit and Blimp1 did not 
have an effect on the distribution of Hobit+ effector T cells throughout peripheral organs, 
suggesting that these transcription factors do not instruct the trafficking of TRM precursors 
to peripheral tissues. In contrast, we found that Hobit and Blimp1 were essential for the 
expression of the tissue-retention molecule CD69 on TRM precursors. Other TRM-associated 
molecules such as CD103, CD49a or CXCR6 were not affected by the lack of Hobit and 
Blimp1. These observations underline an early role of Hobit and Blimp1 in the maintenance 
of TRM precursors in the peripheral tissues, given that CD69 is important for tissue retention 
of TRM

26. CD69 suppresses surface expression of the tissue exit receptor S1PR1, thereby 
locking T cells into the tissues27,28. Therefore, our findings suggest that Hobit and Blimp1 
are responsible for the early retention of TRM precursors within the tissues through the 
regulation of the S1PR1-driven pathway of tissue exit.
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Even though TRM precursors from all studied peripheral tissues had defects in CD69 
expression, TRM formation was mainly affected in liver and kidney compared to the 
intestinal compartment. We have previously shown that both Hobit and Blimp1 drive 
TRM development in liver, kidney, skin and small intestine22. The mice from this previous 
study completely lacked Hobit and Blimp1 in the T cell lineage resulting in defects in 
both terminal effector differentiation and TRM differentiation. A recent study has shown 
the presence of terminal and memory resident populations in the small intestine, 
identified by Blimp1 and Id3 respectively20. Given that our newly developed mice are only 
Blimp1 deficient after Hobit upregulation, it is possible that residual CD8+ T cells in the 
small intestine represent Blimp1-expressing terminal resident populations that develop 
independent of Hobit. In addition, in contrast to liver and kidney, SI IEL TRM express the 
integrin CD103, which facilitates their binding to the epithelium and allow them to rely on 
additional retention mechanisms besides CD69–driven suppression of S1PR1.

The classification of effector CD8+ T cells into SLECs and MPECs separates terminally 
differentiated cells from effector T cells with potential to differentiate into memory 
T cells3,4. However, the MPEC population does not capture heterogeneity between 
precursors of the TCM, TEM and TRM lineages. The transcriptional regulation of effector T cells 
suggests that lineage specification of memory T cells may occur at early stages of the 
immune response. We have previously shown that Eomes suppresses Hobit expression 
and limits the development of TRM precursors to favor the development of the TCM lineage17. 
Here, we showed that Hobit and Blimp1 specifically favored the generation of TRM while 
restricting the formation of TCM. Our results suggest that TRM precursors that are unable to 
persist within the tissues develop into TCM in circulation. We have previously demonstrated 
that Hobit and Blimp1 via direct binding to the TCF1 encoding Tcf7 locus suppress the 
expression of TCF122, which is an essential transcription factor for the development of TCM 
cells29. Thus, Hobit and Blimp1 may impair TCM development through suppression of the 
TCM-inducing transcription factor TCF1. Taken together, these findings suggest that Eomes, 
Hobit, Blimp1 and TCF1 control a branching point in effector T cell differentiation resulting 
in the early separation of the TCM and TRM lineages.

As previously observed22, the combined action of Hobit and Blimp1 was required to 
regulate TRM differentiation. In contrast to double deficiency of both transcription factors, 
single deficiency in Hobit or Blimp1 within the TRM lineage did not affect the differentiation 
of TRM and TRM precursors. The synergy between Hobit and Blimp1 was not unexpected, 
given that these transcription factors are homologous with high similarity in the 
functional zinc finger domains30,31, which are important for the recognition and binding of 
DNA sequences. Indeed, both Hobit and Blimp1 bind to common motifs in the DNA and 
share many target genes in CD8+ T cells22,31. These similarities in DNA binding suggest that 
both transcription factors act in a cooperative manner to regulate the formation of TRM 
precursors. Importantly, the shared target genes of Hobit and Blimp1 include transcription 
factors that regulate tissue exit such as KLF2 and TCF1 and tissue exit receptors themselves 
such as S1PR1 and CCR722. Therefore, it is possible that the regulation of CD69 expression 
is downstream of the collaborative Hobit and Blimp1 driven transcriptional regulation of 
S1PR1 expression.
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In contrast to their overlapping targets, Hobit and Blimp1 have divergent expression 
patterns in CD8+ T cells. In comparison to Hobit, which is confined to the TRM lineage, 
Blimp1 has a much wider expression pattern. Blimp1 is upregulated in CD8+ T cells after 
encountering cognate antigen32,33 and it acquires its maximum expression in terminal 
effector CD8+ T cells to promote their terminal differentiation8,9,20. In contrast to these 
findings, we did not observe that Blimp1 impacted terminal differentiation upon 
establishment of the TRM lineage despite expression of KLRG1 and CX3CR1 on a subset of 
Hobit+ effector CD8+ T cells17. These observations suggest that Blimp1 may acquire distinct 
roles during the process of T cell differentiation, driving terminal differentiation upon T 
cell priming and promoting tissue retention upon establishment of the TRM lineage.

Hobit and Blimp1 are an integrated part of a larger transcriptional program governing 
the differentiation of effector CD8+ T cells into different lineages of memory precursors 
and terminal effectors. Transcription factors, such as Bcl6, Id3 and Eomes, have been 
implicated in favoring the differentiation of memory precursors, in particular those 
upstream of TCM

12–16. Other transcription factors, such as Tbet, Id2, Runx3 and Notch 
appear to preferentially drive terminal differentiation of effector CD8+ T cells as well as the 
development of TRM

34–36. Thus, all of these transcriptional regulators appear important to 
regulate distinct aspects of TRM differentiation. In line with our previous findings in TRM

22, 
we have shown that Hobit and Blimp1 have an important early role for the retention of 
TRM precursors within the tissues through sustained suppression of tissue exit pathways 
and upregulation of CD69, which counteracts tissue exit. Thus, Hobit and Blimp1 appear 
an essential pair of transcription factors in the transcriptional network regulating the 
developmental pathway of TRM.
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Methods
										        
Mice
Wild-type CD45.2+ (C57BL/6JRj) mice were purchased from Janvier, wild-type CD45.1+ (B6.
SJL-Ptprca Pepcb/BoyJ) mice were purchased from the Jackson Laboratory and both of 
these lines were crossed to obtain CD45.1 x CD45.2 mice. HobittdTomato/WT (HR) (B6-Tg (Zfp683-
tdTomato-P2A-Cre-P2A-DTR)) mice were developed at Ozgene (Perth, Australia) as previously 
described23. HobittdTomato/KO Blimp1flox/flox (HRKO Blfl), HobittdTomato/KO (HRKO) and HobittdTomato/

WT Blimp1flox/flox (HR Blfl) were generated by crossing HR with HobitKO and/or Blimp1flox/

flox mice8,30. HR Blimp1GFP/WT were generated by crossing of HR and Blimp-1GFP/WT mice37. 
CD45.1 x CD45.2 mice were used as recipients for the generation of mixed bone marrow 
(BM) chimeric mice. Following irradiation (2 × 5 gray), recipient mice were reconstituted 
by intravenous transfer of 2 × 107 BM cells. Recipients were used in experiments 8 weeks 
after reconstitution. Chimerism was analyzed in the blood prior to experiments using 
the congenic markers CD45.1 and CD45.2 to establish the relative size of host and donor 
compartments. All mice were maintained under specific pathogen-free (SPF) conditions 
in the animal facility of the Netherlands Cancer Institute (NKI). Experimental mice were 
age matched and between 8-12 weeks at the start of the experiment. Both female and 
male mice were used for this study. For bone marrow chimeras, donor and recipient mice 
were sex-matched. Animal experiments were conducted according to institutional and 
national guidelines.

LCMV infection
Mice were infected intraperitoneally with 1 × 105 plaque-forming units (PFU) of LCMV 
Armstrong obtained from the European Virus Archive (EVAg). Infected mice were sacrificed 
and organs were collected for analysis of CD8+ T cell responses at the indicated time points 
after infection.

Tissue preparation
SI LPL and IEL preparations were obtained from the small intestine. After removal of 
residual fatty tissue, Peyer’s patches, and feces, the small intestine was cut into pieces 
of 1 cm and incubated in Hanks’ balanced slat solution (HBSS, Gibco) with 10% fetal calf 
serum (FCS), 5 mM EDTA, and 1 mM dithiothreitol (DTT) for 30 min at 37°C. After repeated 
vortexing, the IEL fraction was released from the tissue and isolated by filtering through 
a 70 μm cell strainer. Subsequently, IEL-depleted pieces of the intestine were washed in 
HBSS supplemented with 2% FCS and enzymatically digested for 30 min at 37 °C with 375 
U/mL Collagenase Type I (Worthington) and 0.15 mg/mL DNase I (Roche, from bovine 
pancreas, grade II) in RPMI 1640 (supplemented with 10% FCS) to isolate the LPL fraction. 
Similarly, kidneys, which were cut into pieces of 1 mm3, were enzymatically digested for 
30 min at 37°C with 750 U/mL Collagenase Type I (Worthington) and 0.31 mg/mL DNase I 
(Roche, from bovine pancreas, grade II) in RPMI 1640 (supplemented with 10% FCS). Single 
cell suspensions from the LPL fraction of small intestine, kidney, spleen, LNs and liver were 
prepared by mechanical disruption via passing through a 70 μm cell strainer. The isolated 
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lymphocytes from liver, kidney and SI IEL and LPL were purified by density centrifugation 
on a 60%/40% Percoll gradient (GE Healthcare). BM was isolated from tibia and femur 
by crushing the bones in PBS or flushing them with PBS. Single cell suspensions of BM 
were obtained by passing through a 70 μm cell strainer. Contaminating erythrocytes were 
removed using red blood cell lysis buffer (155mM NH4Cl, 10mM KHCO3, 0,1mM EDTA).

Flow cytometry
Cells were incubated with antibodies and tetramers for 30 min at 4°C and washed with 
PBS (supplemented with 0.5 % (v/v) FCS) to remove unbound reagents. Antibodies were 
purchased from Biolegend, eBioscience, BD Biosciences, or Thermo Fisher Scientific as 
listed in the table below. H-2 Db KAVYNFATC (Gp33) tetramers (kindly provided by R. 
Arens, Leiden University Medical Center, Leiden) were used to detect virus-specific CD8+ 
T cells after LCMV infection. Exclusion of dead cells was performed with the live/dead 
fixable near-IR dead cell stain kit (Thermo Fisher Scientific). Samples were acquired on 
LSR Fortessa or FACSymphony flow cytometers (BD Biosciences), and data was analyzed 
using FlowJo V10 software (Tree Star). Cell sorting was performed using an Aria III (BD 
Biosciences).

Antibody Clone Supplier Productnr.

CD103 2E7 Biolegend 121408

CD103 M290 BD Biosciences 557495

CD127 A7R34 Biolegend 135027

CD3 17A2 eBioscience 56-0032-82

CD4 GK1.5 eBioscience 11-0041-85

CD4 RM4-5 ThermoFisher Scientific Q10092

CD44 IM7 BD Biosciences 564392

CD44 IM7 Biolegend 103030

CD45.1 A20 Biolegend 110714, 110706

CD45.2 104 eBioscience 56-0454

CD62L MEL-14 Biolegend 104441

CD69 H1.2F3 BD Biosciences 564684

CD69 H1.2F3 Biolegend 104506

CD69 H1.2F3 eBioscience 25-0691

CD8+α 53-6.7 BD Biosciences 563786

CD8+α 53-6.7 Biolegend 100734

CD8+α 53-6.7 eBioscience 56-0081-82

KLRG1 2F1 BD Biosciences 740279

KLRG1 2F1 Biolegend 138416

TCRβ H57-597 Biolegend 109224
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DNA isolation
Memory CD8+ T cell populations were FACS-sorted from the liver and SI IEL of LCMV-
infected HobittdTomato/WT and HobittdTomato/KOBlimpfl/fl mice based on TCRβ+ CD8+ expression 
and separated into Hobit+ and Hobit- fractions using tdTomato expression. Control naïve 
CD8+ T cells (CD44-CD62L+) were isolated from the spleen of HobittdTomato/WT mice. Sorted 
cells were lysed overnight in lysis buffer (100 mM Tris-HCl; 5 mM EDTA pH 8.0; 0.2 % SDS; 
200 mM NaCl, 200 µg/mL Proteinase K) at 56°C in a rotator set at 400 rpm. The lysates 
were centrifuged (13000 rpm, 30 min, RT) and the supernatants were mixed with an equal 
volume of isopropanol to precipitate the genomic DNA. After centrifugation (13000 rpm, 
15 min, RT) the DNA pellet was washed in 70% (v/v) ethanol (13.000 rpm, 15 min, RT). 
After air-drying the DNA pellet was dissolved in ddH2O (37°C, 400 rpm, ≥ 30 min) for 
analysis by PCR.

PCR analysis
A double set of primers, Blimp1 deleted (Blimp1DEL) and Blimp non-deleted (Blimp1ND), were 
used to assess the efficiency of the Hobit-driven Cre-recombinase to delete Blimp1 (table 
S2)8. The expected amplicon sizes of the PCR for Blimp1DEL and Blimp1ND are provided in 
the table below. The amplified material was loaded on a 2% agarose gel, separated by gel 
electrophoresis (100V, Mupid-One, BioRad Sub-Cell GT) and imaged using the InGenius 
LHR Gel Imagining System (Syngene) to examine Cre-recombinase driven deletion of the 
Blimp1 locus.

Gene Primer Sequence Amplicon size (bp).

Blimp1ND Floxed non deleted Fw GGCAAGATCAAGTATGAGTGC 765

Blimp1ND Floxed common Rv TGAGTAGTCACAGAGTACCCA

Blimp1DEL Floxed deleted Fw AGGTGTCTAGCCTTTGTATTTG 611

Blimp1DEL Floxed common Rv TGAGTAGTCACAGAGTACCCA

RNA-seq analysis
Previously published and normalized RNA-seq data of sorted murine CD8+ T cell subsets 
after LCMV infection17 and after Listeria monocytogenes OVA23 was analyzed for the 
expression of Prdm1 (encoding Blimp1) at day 8 p.i and day >30, respectively.

Statistical analysis
Statistical analysis was performed using Prism 8 (GraphPad). Statistical significance was 
calculated using the unpaired Student’s t-test for groups that were normally distributed, 
and using the Mann-Whitney U test for groups that were not normally distributed. For 
paired samples, paired two-tailed Student’s t test was employed. For comparison of more 
than two groups, one-way ANOVA was used. Unless otherwise indicated, differences were 
not statistically significant. P-values of <0.05 were considered statistically significant (* P < 
0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001).
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Supporting Information

Figure S1. Hobit is restricted to the TRM lineage and Blimp1 is widely expressed in antigen-experienced 
CD8+ T cells. (A) Representative flow cytometry plot shows CD62L and CD69 expression which identifies TCM 
(CD62L+ CD69–), TEM (CD62L–CD69–) and TRM (CD62L– CD69+) cells, as indicated. (B) Expression (cpm) of Prdm1 
encoding Blimp1 was determined in naïve and Listeria-OVA-specific memory CD8+ T cells by RNA sequencing. (C) 
Representative flow cytometry plot shows KLRG1 and CD127 expression to identify SLECs (KLRG1+ CD127–) and 
MPECs (KLRG–CD127+) in the spleen of HR BlGFP mice. (D) Representative histogram shows expression of Blimp-1 
(GFP) in the indicated cell subsets. (E) The geo MFI of GFP expression was quantified in SLECs and MPECs. (F) 
Representative flow cytometry plot displays the gating of tdTomato+ and tdTomato– virus-specific CD8+ T cells at 
day 8 after LCMV infection. (G) Expression (cpm) of Prdm1 in naïve and tdTomato+ and tdTomato– LCMV-specific 
effector CD8+ T cells isolated at day 8 p.i. was determined by RNA sequencing. Symbols represent individual 
mice. Error bars represent mean ± SEM. Dotted lines connect paired samples. (A) Representative data of one (n = 
4) out of two independent experiments. (B, G) Data from one experiment (n = 3 pooled samples). (C-F) Combined 
data from two independent experiments (n = 6). Paired t-test; ** P < 0.01.
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Figure S2. Blimp1 is efficiently deleted in Hobit+ CD8+ T cells of HRKO Blfl mice. 
(A) Schematic representation of the HRKO Blfl mouse is shown. (B, C) The presence of (B) deleted Blimp1 and (C) 
non-deleted Blimp1 was analyzed by semi-quantitative PCR in CD8+ T cells isolated from the liver and SI IEL 
of HRKO Blfl and control HRWT mice at day >30 after LCMV infection. Data display 2 individual samples from two 
independent experiments.
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Figure S3. Contribution of different cell compartments in mixed bone marrow (BM) chimeras.
(A, B) Representative flow cytometry plots display CD45.1 and CD45.2 to identify the contribution of WT (CD45.1+) 
and HR (CD45.2+) or HRKO Blfl (CD45.2+) to the (A) pre-transfer BM cell mix and (B) to the total CD8+ T cell fraction in 
the blood of chimeric mice 60 days after reconstitution and just prior to infection with LCMV. (C) The contribution 
of WT and transgenic CD8+ T cells to the total CD8+ T cell fraction was quantified. Representative data of one (n = 
3-4) out of two independent experiments.
 
Figure S4. Hobit+ effector CD8+ T cells are enriched for an MPEC phenotype. 

(A) Representative flow cytometry plots show expression of CD127 and KLRG1 within Gp33+ CD8+ T cells in the 
indicated tissues of HR mice. (B) Representative histograms display the expression of tdTomato within MPECs 
(KLRG1–CD127+) and SLECs (KLRG1+ CD127–). (C) The percentage of tdTomato expression was quantified in 
MPECs and SLECs in the indicated tissues. Combined data from two independent experiments (n = 4). Unpaired 
t-test; * P <0.05.

A Bone marrow mix (Pre-transfer)

CD45.2 (APC)

C
D

45
.1

 (A
l7

00
)

WT-Hobit WT/CREWT-Hobit KO/CRE Blimp-1flox/flox

Day 0 (Steady-state)B

Host

CD45.2 (APC)

C
D

45
.1

 (A
l7

00
)

WT-Hobit WT/CREWT-Hobit KO/CRE Blimp-1flox/flox

WT

Hobit WT/CRE

Hobit KO/CRE 

Blimp-1flox/flox

C

0 20 40 60 80 100

% of CD8+ T cells

Blood

WT-Hobit KO/CRE Blimp-1flox/flox

WT-Hobit WT/CRE

WT

Host
Hobit WT/CRE
Hobit KO/CRE Blimp-1flox/flox

Hobit (tdTomato)

MPEC
SLEC

MPEC
SLEC

B Kidney SI IEL

Kidney SI IEL
0

20

40

60

80

100

%
 td

To
m

at
o

MPEC
SLEC*

*

C

Kidney SI IEL
A

C
D

12
7 

(B
V4

21
)

KLRG1 (PE Cy7)

Hobit WT/CRE



Hobit and Blimp1 regulate TRM abundance after infection by suppressing precursor tissue exit

187

Figure S5. Hobit and Blimp1 cooperatively instruct upregulation of CD69 on TRM precursors. 
(A, B) Representative histograms display CD69 expression in (A) tdTomato+ and (B) tdTomato– virus-specific CD8+ 
T cells isolated from the kidney of HR, HRKO, HR Blfl and HRKO Blfl mice at day 8 after LCMV infection. (C, D) The 
percentage of CD69 expression was quantified in (C) tdTomato+ and (D) tdTomato– virus-specific CD8+ T cells. 
(E-G) Representative histograms display expression of (E) CD103, (F) CD49a and (G) CXCR6 on tdTomato+ virus-
specific CD8+ T cells isolated from the SI IEL of HR, HRKO, HR Blfl and HRKO Blfl mice at day 8 p.i. Control sample 
gated on CD62L+ T cells from the spleen. (H-J) The percentage of (H) CD103, (I) CD49a and (J) CXCR6 expression 
was quantified in tdTomato+ virus-specific CD8+ T cells of HR, HRKO, HR Blfl and HRKO Blfl mice. Symbols represent 
individual mice. Error bars represent mean ± SEM. (A-J) Combined data from two independent experiments (n = 
4). One-way ANOVA; * P < 0.05; ** P < 0.01.
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Figure S6. Hobit and Blimp1 promote CD69 expression on TRM precursors in mixed bone marrow (BM) 
chimeras. Representative flow cytometry plots display CD45.1 and CD45.2 expression to identify the contribution 
of HR (CD45.1+) and HRKO Blfl (CD45.2+) to the (A) pre-transfer BM cell mix and (B) to the total CD8+ T cell fraction in 
the blood of chimeric mice 60 days after reconstitution and just prior to infection with LCMV. (C) The percentage 
of CD8+ T cells originating from the host, and the donor HR and HRKO Blfl compartments was determined. (D) 
Representative flow cytometry plots display CD62L and CD69 expression in Gp33+ CD8+ T cells from the HR and 
HRKO Blfl compartment at day 8 p.i. with LCMV. (E) The percentage of CD62L expression was quantified in the HR 
and HRKO Blfl compartment of Gp33+ CD8+ T cells in the indicated tissues of the chimeric mice. Symbols represent 
individual mice. Representative data of one (n = 5) out of two independent experiments. (C) Error bars represent 
mean ± SEM. (E) Dotted lines connect paired samples.
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