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Group 1 innate lymphoid cells (ILCs), which comprise both natural killer (NK) cells and ILC1s, are important innate effectors that can also 
positively and negatively influence adaptive immune responses. The latter function is generally ascribed to the ability of NK cells 
to recognize and kill activated T cells. Here, we used multiphoton intravital microscopy in mouse models of hepatitis B to study 
the 
intrahepatic behavior of group 1 ILCs and their cross-talk with hepatitis B virus (HBV)–specific CD8+ T cells. We found that 
hepatocellular antigen recognition by effector CD8+ T cells triggered a prominent increase in the number of hepatic NK cells and ILC1s. 
Group 1 ILCs colocalized and engaged in prolonged interactions with effector CD8+ T cells undergoing hepatocellular antigen 
recognition; however, they did not induce T cell apoptosis. Rather, group 1 ILCs constrained CD8+ T cell proliferation by con-trolling 
local interleukin-2 (IL-2) availability. Accordingly, group 1 ILC depletion, or genetic removal of their IL-2 receptor a chain, 
considerably increased the number of intrahepatic HBV-specific effector CD8+ T cells and the attendant immunopathology. Together, 
these results reveal a role for group 1 ILCs in controlling T cell–mediated liver immunopathology by limiting local IL-2 concentration 
and have implications for the treatment of chronic HBV infection.
INTRODUCTION
Innate lymphoid cells (ILCs) are tissue-resident immune cells that 
lack recombined antigen-specific receptors and do not undergo 
clonal selection (1–5). Hence, they react to tissue perturbations in-
dependently of antigen stimulation, and polarization of their effec-
tor function arises during their development rather than at the time 
of challenge (2). As a result of their location in peripheral tissues 
and effector phenotype, ILCs are poised to produce cytokines within 
hours of activation, in contrast to the days required for adaptive 
lymphocytes to be primed, expand, differentiate, and migrate from 
secondary lymphoid organs to peripheral tissues (2–5). In analo-
gy with CD4+ T helper cells, ILCs are classified into three subsets 
(group 1, group 2, and group 3) by the ability to produce effector 
cytokines and the requirements for specific transcriptional programs 
for development (2–5). Group 1 ILCs comprise natural killer (NK) 
cells and ILC1s; these cells require T-bet for their development and 
function, produce interferon- (IFN-), and have considerably 
overlapping expression profiles of NK cell receptors and cytokine 
receptors (2–5). Despite these similarities, NK cells and ILC1s are 
developmentally, phenotypically, and functionally distinct (2–5). NK 
cells are cytotoxic, circulate in the bloodstream, and require the T-
box factor Eomesodermin (Eomes), whereas ILC1s have little or no 
cytotoxic potential, are largely tissue-resident, and can develop in 
the absence of Eomes (2–5). Group 2 ILCs contains a single subset, 
ILC2s, which are dependent on GATA binding protein-3 (GATA3) 
and retinoic acid-related orphan receptor-alpha (RORa), and pro-
duce type 2 cytokines, mainly interleukin-5 (IL-5) and IL-13 (2–5). 

Group 3 ILCs include ILC3s and lymphoid tissue inducer cells, 
which are dependent on the transcription factor RORgt and can 
produce IL-17 and/or IL-22. 
Besides rapidly producing effector cytokines in response to host, 
microbial, or environmental stimuli, ILCs have a complex role in 
directly influencing the adaptive immune response (6). 
The liver is particularly enriched in group 1 ILCs, and this under-
scores their potential importance in the pathogenesis of infections 
with hepatotropic viruses such as hepatitis B virus (HBV) (7). HBV 
is a small DNA virus that causes acute and chronic liver diseases 
(8–13). It is widely assumed that HBV infection is noncytopathic, 
that it does not induce innate immune responses promptly measur-
able in vivo, and that T cell and antibody (Ab) responses mediate 
resolution of acute infection (13). CD4+ T cells promote induction 
and maintenance of both CD8+ T cells and neutralizing Abs, effector 
CD8+ T (CD8+ TE) cells induce viral clearance by secreting antiviral 
cytokines and killing infected hepatocytes, and neutralizing Abs 
contain viral spread from residual cells that are not 
eliminated by CD8+ T cells (8–12). HBV persists in the majority 
of neonatal/perinatal infections and a small minority of adult-
onset infections, reflecting the failure of one or more of the 
abovementioned as-pects of the immune response (8–13). Group 1 
ILCs could influence HBV pathogenesis in a number of ways 
(7, 14). First, NK cells could be directly cytotoxic toward infected 
hepatocytes, as suggested by ex vivo studies in chronically 
infected patients (15). Second, NK 
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cells and ILC1s might produce antiviral cytokines (e.g., IFN-) that 
are known to noncytopathically inhibit viral replication (16). Third, 
group 1 ILCs might positively or negatively modulate CD8+ T cell 
responses. NK cells and ILC1s can promote T cell responses via the 
secretion of cytokines [e.g., IFN-, tumor necrosis factor– (TNF-), 
and granulocyte-macrophage colony-stimulating factor (GM-CSF)] 
that support T cell differentiation (17). Conversely, recent data 
revealed that group 1 ILCs can inhibit T cell responses by directly 
killing CD8+ T cells (17–25). However, the overall net in vivo effect 
of hepatic group 1 ILCs on HBV pathogenesis and liver immuno-
pathology has, to our knowledge, not been addressed.

Here, we used multiphoton intravital microscopy, high-dimensional 
flow cytometry, and functional experiments in mouse models of 
HBV pathogenesis to explore the in vivo role of ILCs in CD8+ T cell–
induced liver immunopathology. We found that the mouse liver is 
enriched in group 1 ILCs but virtually devoid of ILC2s and ILC3s. 
Recognition of hepatocellular antigens by HBV-specific CD8+ TE 
cells induces a prominent increase in the hepatic number of group 
1 ILCs, but not in ILC2s or ILC3s. Hepatic group 1 ILCs engaged in 
prolonged interactions with CD8+ TE cells but did not induce T cell 
apoptosis. Rather, group 1 ILCs competed with CD8+ TE cells for 
local IL-2 and, hence, restrained T cell proliferation and the atten-
dant pathogenetic consequences.

RESULTS
Characterization and in vivo dynamics of hepatic 
group 1 ILCs
We started out by characterizing the frequency of ILC subsets (gating 
strategy shown in Fig.  1A) in the uninflamed liver of 8-week-old 
HBV replication–competent transgenic (HBV Tg) mice that were 
not experimentally manipulated. These mice express all viral pro-
teins in hepatocytes, replicate, and secrete infectious virus but do 
not develop spontaneous liver pathology because replication occurs 
noncytopathically and endogenous HBV-specific T cells are pro-
foundly tolerant (26). Consistent with previously published data in 
mouse models of different liver diseases (27, 28), we observed that 
group 1 ILCs comprised ~10% of the total intrahepatic leukocyte 
(IHL) population (Fig. 1A). Out of group 1 ILCs, ~60 to 80% were 
CD49b+ NK cells and ~20 to 40% were CD49a+ ILC1s (Fig. 1, A to C). 
ILC2s and ILC3s, which are present, for example, in the airways and 
in the mucosa of the small intestine, respectively (fig. S1A) (1–5), 
were virtually absent in the liver of HBV Tg mice (Fig. 1A); there-
fore, they were not considered further in this study. Absolute numbers 
of group 1 ILCs and the relative ratio between NKs and ILC1s were 
virtually identical between HBV Tg mice and wild-type (WT) mice 
and among different genetic backgrounds (C57BL/6, BALB/c and 
C57BL/6 × BALB/c F1 hybrids) (Fig. 1C and fig. S1, B to D).

We next set out to characterize the in vivo cellular dynamics of 
hepatic group 1 ILCs. To this end, we took advantage of NKp46iCre mice 
(29) to generate reporter mice, where the fluorescent protein ZsGreen 
is expressed by NKp46-expressing cells (NKp46iCre;R26ZsGreen). The
frequency and absolute numbers of NK cells and ILC1s in the liver
of NKp46iCre;R26ZsGreen mice was comparable with those of WT mice
(Fig. 1D). As expected, virtually all NK cells and ILC1s expressed
ZsGreen, whereas all other IHL populations did not, with the excep-
tion of a small fraction of NK1.1+ CD3+ T cells (Fig. 1E). Multi-
photon intravital imaging in the liver of NKp46iCre;R26ZsGreen mice
revealed the majority of group 1 ILCs actively crawling within liver

sinusoids (movie S1 and Fig.  1,  F  and  G) at an average speed of 
~9.8 ± 0.3 m/min (Fig. 1H) and a limited variability with regard to 
their instantaneous velocity (Fig. 1I). A detailed analysis of intravital 
image sequences showed that group 1 ILCs have an arrest coefficient 
(the percentage of time in which a cell has an instantaneous velocity 
< 3 m/min) of ~22 ± 1 (Fig. 1J) and a meandering index (total 
displacement/path length of a cell track) of ~0.5 ± 0.01 (Fig. 1K). The 
motility coefficient, a cell’s propensity to move away from its origin, 
of group 1 ILCs was found to be ~30.5 m2/min (Fig. 1L). Occasionally, 
group 1 ILCs showed signs of sudden U-turns between periods of 
normal motility (Fig. 1M). Overall, the motility parameters of group 
1 ILCs were found to be remarkably similar to other cells patrolling 
liver sinusoids such as antigen-experienced CD8+ T cells, NK T cells, 
and tissue-resident memory cells (30–32).

Collectively, our data indicate that, virtually, all ILCs in the liver 
of WT and HBV Tg mice are group 1 ILCs. Our dynamic analyses 
revealed that, similarly to CD8+ TE cells undergoing immune 
surveillance in the liver (30), group 1 ILCs actively crawl along liver 
sinusoids independently from the direction of blood flow.

Group 1 ILCs colocalize and interact with  
HBV-specific CD8+ TE cells
To investigate the potential interaction of endogenous group 1 ILCs 
with CD8+ TE cells that promote liver immunopathology, we adop-
tively transferred in vitro–differentiated HBV envelope-specific effec-
tor CD8+ T cell receptor (TCR) transgenic T cells (Env28 TE) (30, 33) 
into HBV Tg mice (Fig. 2A). As expected (30), Env28 TE induced 
a transient necroinflammatory liver disease, as assessed by serum 
alanine aminotransferase (ALT) elevation (Fig. 2B). We observed 
prominent group 1 ILC accumulation within the liver, starting as 
early as 2 hours and reaching the peak 2 days after Env28 TE transfer 
(Fig. 2C). After day 3 post-transfer, the number of hepatic group 1 ILCs 
gradually declined, in parallel with serum ALT levels (Fig. 2, B and C). 
Among group 1 ILCs, NK cells and ILC1s increased in number up 
to 30 and 15 times, respectively, upon HBV-specific CD8+ TE transfer 
(Figure 2, D and E). By contrast, ILC2s and ILC3s remained virtu-
ally undetectable in the livers of mice undergoing T cell–mediated 
immunopathology (Fig. 2, F and G).

To assess the behavior of group 1 ILCs in relation to HBV-specific 
CD8+ TE cells within the inflamed liver, we crossed NKp46iCre; 
R26TdTomato reporter mice with another lineage of HBV Tg mice, 
the major urinary protein (MUP)–core mice, which express the 
HBV core protein in 100% of the hepatocytes (34). The resulting 
NKp46iCre;R26TdTomato;MUP-core mice were cotransferred with 
in vitro–differentiated fluorescent HBV core–specific TE (Cor93 TE) 
cells and with TE cells specific for an irrelevant antigen (P14 TE) 
(Fig. 2H). Liver multiphoton intravital microscopy (movie S2) and 
confocal immunofluorescence histology (Fig. 2I) were carried out 
between 2 and 48 hours after cell injection. Static and dynamic imag-
ing revealed that hepatic group 1 ILCs engaged in stable, prolonged 
interactions with antigen-recognizing Cor93 TE, whereas they formed 
much fewer and shorter contacts with irrelevant P14 TE cells, which 
crawled along liver sinusoids (Fig. 2I and movie S2). Quantification 
of cell-to-cell contacts confirmed that, 6 hours after TE injection 
into NKp46iCre; R26TdTomato; MUP-core mice—a time point in which 
most Cor93 TE already encountered cognate Ag(30)—hepatic 
group 1 ILCs colocalized with ~12 ± 1.6% of Cor93 TE and just 
with ~5  ±  1.2% of P14 TE. We observed less than 3% of hepatic 
group 1 ILC colocalization with either HBV-specific or irrelevant 
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TE in noninflamed WT mice (Fig. 2J). In line with these findings, 
multiphoton intravital imaging of the liver showed a reduction in 
group 1 ILC motility and straightness over time (Fig. 2, K and L). 
Further analyses revealed that up to 20% of interactions between 
group 1 ILCs and Cor93 TE lasted longer than 20 min, whereas fewer 

than 8% of interactions with P14 TE were maintained for this time 
(Fig. 2M). In summary, these observations indicate that hepatic group 1 
ILCs exhibit an intrasinusoidal crawling behavior and engage in stable, 
prolonged interactions with CD8+ TE cells recognizing hepatocellular 
antigens.
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Fig. 1. Characterization and in vivo dynamics of hepatic group 1 ILCs. (A) The flow cytometry gating strategy used for the identification of ILC subsets is shown. Live, 
CD45+CD3− cells in the liver of HBV Tg mice were further analyzed for concomitant expression of NK1.1 and NKp46 (group 1 ILCs), CD90 and KLRG1 (ILC2s), and CD127 
and ROR-t (ILC3s). Group 1 ILCs were further clustered in CD49b+CD49a− NK cells and CD49b−CD49a+ ILC1s. Side scatter pulse height, SSC-H; side scatter area, SSC-A. 
(B and C) Frequencies (B) and absolute numbers (C) of hepatic NK cells and ILC1s in HBV Tg mice (n = 22). (D) Absolute numbers of hepatic NK cells and ILC1s in C57BL/6 
mice (black dots, n = 7) and NKp46iCre;R26ZsGreen mice (green dots, n = 7). (E) Percentage of the indicated cell types expressing ZsGreen in the liver of NKp46iCre;R26ZsGreen 
mice (n = 7). (F) Multiphoton intravital microscopy time lapse in the liver of a NKp46iCre;R26ZsGreen mouse injected with Qtracker quantum dots to visualize the blood 
vessels (white). Group 1 ILCs are depicted in green, and cell tracks are indicated. Elapsed time in minutes:seconds. Scale bars, 20 m. (G) Superposition of intravital micros-
copy frames with color coding (from blue to yellow) for the occupancy time of each pixel showing selected ZsGreen+ cells moving into sinusoids of NKp46iCre;R26ZsGreen 
mice. (H to M) Quantitative analyses of group 1 ILC behavior in the mouse liver. Average cell velocity per track (H); instantaneous 3D velocity (I); arrest coefficient, calcu-
lated for a threshold of 3 m/min (J); meandering index (K) (0 = completely condensed or circular cell tracks; 1 = perfectly straight cell tracks); mean displacement of group 
1 ILCs plotted as a function of the square root of time (L) (slope = 30.5 m2/min and represents the motility coefficient); and quantification of turning angle changes (M). 
Data in (B) to (E) are expressed as means ± SEM and are representative of at least three independent experiments. Data in (F) to (M) are from five mice in five experiments, 
circles represent a cell track, red bars indicate median values, and black bars indicate quartiles. A total of 238 group 1 ILC tracks were analyzed. *P < 0.05, **P < 0.01, and 
***P < 0.001; Mann-Whitney U test (B to D) and one-way ANOVA followed by Sidak’s multiple comparisons test, comparison between the mean of each group with the 
mean of NK cells or ILC1s (E).
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Fig. 2. Group 1 ILCs colocalize and interact with HBV-specific CD8+ TE cells. (A) Schematic representation of the experimental setup. HBV Tg mice received 107 HBsAg-specific 
TE cells (Env28 TE). Livers were collected and analyzed from 2 hours to 7 days after Env28 TE transfer. (B) Serum transaminase activity (ALT; U/liter) measured in HBV Tg 
mice after Env28 TE injection (blue dots, n = 4 to 8) or in PBS-treated control mice (white dots, n = 3). (C to E) Absolute numbers of total group 1 ILCs (C), NK cells (D), and 
ILC1s (E) in the liver of HBV Tg mice at the indicated time points after Env28 TE transfer. Data are expressed as means ± SEM and are representative of at least four inde-
pendent experiments. (F and G) Absolute numbers of ILC2s (F) and of ILC3s (G) in the liver of HBV Tg mice at the indicated time points after Env28 TE transfer. Data are 
expressed as means ± SEM and are representative of at least two independent experiments. (H) Schematic representation of the experimental setup. NKp46iCre+/−; 
R26TdTomato+/−;MUP-core mice received 107 fluorescent Cor93 TE (green) and 107 fluorescent control P14 TE (cyan). (I) Representative confocal immunofluorescence 
micrographs of liver sections from the indicated mice 6, 24, and 48 hours after T cell transfer. Group 1 ILCs are depicted in red, Cor93 TE in green, and control P14 TE in cyan. 
Sinusoids were identified as Lyve-1+ cells and are depicted in white. White boxes represent the magnification. Arrows indicate colocalization between group 1 ILCs (red) 
and Cor93 TE (green). Scale bars, 30 m (image) and 15 m (magnification). (J) Quantification of the colocalization between group 1 ILCs and the indicated effector T cells 
at different time points after T cell transfer in NKp46iCre+/−;R26TdTomato+/− mice (WT; n = 7) or NKp46iCre+/−;R26TdTomato+/−;MUP-core mice (MUP-core; n = 6 to 12). Circles 
represent the mean of the number of interactions calculated in different fields of view for the same mouse. Data are representative of at least five independent experi-
ments. (K to M) Multiphoton intravital microscopy analysis in the liver of NKp46iCre+/−;R26TdTomato+/−;MUP-core mice injected with fluorescent TE (2 to 6 hours, n = 6; 24 to 
30 hours, n = 4; 48 hours, n = 3). Single-cell speed (K) and meandering index (L) of group 1 ILCs at the indicated time points. A total of 578 (2 to 6 hours), 82 (24 to 
30 hours), and 625 (48 hours) group 1 ILCs tracks were analyzed. (M) Quantification of the interaction time between group 1 ILCs and the indicated effector T cells at 
different time points after transfer. Red boxes indicate the percentage of cells that are interacting for more than 20 min. Data are representative of at least three independent 
experiments. *P < 0.05 and ***P < 0.001; two-way ANOVA followed by Sidak’s multiple comparisons test, stars indicate significant differences among groups for each time 
point (B); Kruskal-Wallis test (K and L); two-tailed Mann-Whitney U test (C to G) (comparison between blue and white dots for each time point); two-tailed Mann-Whitney 
U test (J and M) (comparison between Cor93 TE and P14 TE).
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Group 1 ILCs limit T cell–mediated liver immunopathology
We next turned our attention to the possible consequences of the 
observed interactions between hepatic group 1 ILCs and HBV-specific 
CD8+ TE cells. To this end, we treated HBV Tg mice with anti-NK1.1 
(NK1.1)–depleting Abs before Env28 TE transfer (Fig. 3A). As ex-
pected, Ab treatment resulted in efficient and durable group 1 ILC 
depletion (Fig. 3, B and C) but also in a significant reduction in he-
patic NK1.1+ CD3+ T cells (fig. S2, A and B). Group 1 ILC depletion 
resulted in a more severe liver disease, as assessed by the increase in 
transaminase activity (Fig. 3D) and by the presence of larger and more 
numerous necroinflammatory foci (Fig. 3E). Consistently with this, 
we found that group 1 ILC depletion led to an increase in hepatic 
IFN-–producing Env28 TE accumulation (Fig. 3, F and G). Overall, 
these data indicate that hepatic group 1 ILCs limit hepatic HBV-specific 
CD8+ TE accumulation and the attendant immunopathology.

To exclude any possible off-target effects of the depleting Ab, we 
sought an alternative approach to eliminate group 1 ILCs. This was 
achieved by crossing NKp46iCre;R26iDTR mice (29) with MUP-core 
mice (Fig. 3H). Diphtheria toxin (DT) administration to NKp46iCre; 
R26iDTR;MUP-core mice resulted in efficient depletion of group 1 
ILCs (Fig. 3, I and J) but not of NK1.1+ CD3+ T cells (fig. S2, C and D). 
One day after DT [or phosphate-buffered saline (PBS)] treatment, 
we adoptively transferred Cor93 TE to NKp46iCre;R26iDTR;MUP-core 
mice (Fig. 3H). In accordance with the data described in Fig. 3 (D to G), 
DT-mediated group 1 ILC depletion caused a more severe liver 
immunopathology and increased intrahepatic Cor93 TE cell accu-
mulation (Fig. 3, K to N).

Group 1 ILCs do not affect intrahepatic CD8+ TE cell death
We next sought to identify the mechanisms by which group 1 ILCs 
limit T cell–mediated liver immunopathology. We first asked 
whether hepatic group 1 ILCs might limit liver immunopathology 
by interfering with HBV-specific CD8+ TE cell recruitment and/or 
hepatocellular antigen recognition. To address this, we depleted 
group 1 ILCs from MUP-core mice 1 day after HBV-specific TE 
transfer, a time point in which the vast majority of TE liver homing 
and antigen recognition has already taken place (fig. S3A) (30). As 
shown previously, the number of hepatic group 1 ILCs significantly 
increased upon HBV-specific TE injection and they were efficiently 
depleted by NK1.1 treatment (fig. S3B). The depletion of group 1 
ILCs 1 day after T cell transfer led to an increase in liver disease (fig. 
S3, C and D) that was associated with a higher intrahepatic accumu-
lation of IFN-–producing Cor93 TE (fig. S3, E and F). These data 
indicate that hepatic group 1 ILCs can restrain T cell–mediated immuno-
pathology by acting downstream of T cell recruitment or hepatocellular 
antigen recognition and call for further investigation of the mecha-
nisms whereby group 1 ILCs affect intrahepatic T cell abundancy.

Considering the finding that hepatic group 1 ILCs are in direct 
contact with HBV-specific CD8+ TE cells (Fig. 2, I, J, and M) and 
the notion that group 1 ILCs, particularly NK cells, were suggested 
to directly kill CD8+ T cells in a number of experimental set-
tings (21, 23–25, 35), we explored the possibility that HBV-specific 
CD8+ TE cells might die as a consequence of the interaction with 
group 1 ILCs. First, we quantified activated caspases (as a readout 
for apoptosis) in Cor93 TE isolated from the livers of MUP-core 
mice that received NK1.1-depleting Ab (or isotype control) 
before T cell transfer (Fig.  4A). Activated caspases in apoptotic 
Cor93 TE were irreversibly bound by the fluorescein isothiocyanate 
(FITC)–labeled caspase inhibitor Val-Ala-Asp-fluoromethyl ketone 

(VAD-FMK) and detected by flow cytometry (Fig. 4B). With this 
method, we were able to detect apoptotic Cor93 TE in the livers of 
MUP-core mice, and their frequency paralleled liver disease 
severity, reaching a peak of ~44% (Fig. 4, B and C). However, we 
failed to observe any differences in Cor93 TE apoptosis between 
MUP-core mice that were depleted of group 1 ILCs and control an-
imals (Fig. 4, B and C).

To assess T cell death with an alternative method, we took 
advantage of a Förster resonance energy transfer (FRET)–based 
reporter of caspase-3 activity (36). Briefly, in  vitro–differentiated 
Cor93 TE (Cor93 TE) cells were transduced with a fluorescent probe 
containing the cyan (CFP) and the yellow (YFP) fluorescent pro-
tein linked by a peptide (DEVD) cleavable by activated caspase-3 
(Fig. 4D). Caspase-3 activation in apoptotic cells results in CFP → 
YFP FRET disruption and in the detection of a CFP+ YFP− signal. 
Control Cor93 TE cells were transduced with a different probe, 
in which the peptide linker (DEVG) is not cleavable by activated 
caspase-3 (Fig. 4D). We confirmed that effector T cell differentia-
tion was not affected by transduction with the abovementioned 
probes, as assessed by the ability of Cor93 TE to express IFN- upon 
in vitro cognate peptide simulation (fig. S4A). The sensitivity and 
specificity of this method in detecting T cell apoptosis was assessed 
by inducing activation-induced cell death upon in vitro stimulation 
with the cognate peptide for 6 hours. As expected (37), FRET loss 
and emission of a CFP+ YFP− signal were readily detected in 
DEVD-transduced T cell, whereas no changes were detected in 
control, DEVG-transduced T cell (fig. S4B). We then adoptively 
transferred DEVG- or DEVD- transduced Cor93 TE to NKp46iCre; 
R26iDTR;MUP-core mice that received DT (or PBS) before T cell 
injection (Fig. 4E). As before, we were able to detect apoptotic 
Cor93 TE with this method (Fig.  4F); however, the frequency of 
CFP+ YFP− apoptotic Cor93 TE and the apoptotic index (ratio 
between the percentage of dead cells and the percentage of live cells) 
were similar in mice treated with DT or PBS (Fig. 4, F and G). As 
expected, no CFP+ YFP− signal was detected in control, DEVG- 
transduced Cor93 TE (Fig. 4, F and G). The data, obtained with an 
alternative independent method, confirm that group 1 ILCs do not 
affect intrahepatic HBV-specific CD8+ TE cell apoptosis.

To confirm this further, we considered that the cytotoxic activity of 
NK cells toward CD8+ T cells relies mostly on perforin (20–22, 24, 25). 
Irradiated MUP-core mice were thus reconstituted with perforin- 
deficient (Prf−/−) or WT bone marrow (BM) followed, 8 weeks later, 
by the injection of NK1.1 Ab (or isotype control) before Cor93 TE 
transfer (Fig. 4H). With this approach, NK cells from recipient mice 
would lack the ability to release perforin, and the only perforin source 
would come from the adoptively transferred Cor93 TE. Hepatic group 1 
ILC expansion upon TE injection was not significantly different in WT- 
and Prf−/−-reconstituted mice (Fig. 4I). Prf−/−- and WT-reconstituted 
mice did not differ in their capacity to support the expansion of IFN-–
producing Cor93 TE (Fig. 4, J and K). Moreover, NK1.1 treatment 
had a similar effect on intrahepatic Cor93 TE accumulation and on 
the attendant immunopathology in Prf−/−- and WT- reconstituted 
mice (Fig. 4, J and K, and fig. S5A).

Previous reports have shown that NK cells can kill activated 
T cells upon engagement of natural cytotoxicity triggering receptor 1 
(NCR1) (24, 38–40). We thus reconstituted irradiated MUP-core 
mice with Ncr1−/− or WT BM followed, 8 weeks later, by the injec-
tion of NK1.1 Ab (or isotype control) before Cor93 TE transfer 
(Fig. 4L). The number of group 1 ILCs after TE injection increased 
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Fig. 4. Group 1 ILCs do not affect intrahepatic CD8+ TE cell death. (A) MUP-core mice were injected with NK1.1-depleting Abs or isotype control before receiving 107 
HBV core–specific CD8+ TE cells (Cor93 TE). Livers were collected and analyzed 1 to 3 days after Cor93 TE transfer. (B and C) Representative histograms (B) and percentage 
(C) of Cor93 TE cells that stained positive for activated caspases in the liver of MUP-core mice treated with isotype control (n = 4, blue histograms and dots) or NK1.1 Abs 
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CD8) are indicated with dashed line as reference. Data are representative of at least three independent experiments. (D) Splenocytes isolated from Cor93 TCR transgenic 
mice (Cor93 TCR Tg) were pulsed in vitro with the cognate peptide Cor93–100. Two and 3 days after peptide stimulation, Cor93 T cells were retrovirally transduced with a 
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PBS- (blue dots, n = 4) or DT-treated mice (red dots, n = 5). Control mice that received DEVG-transduced Cor93 TE are shown (black dots, n = 3). (G) The apoptotic index of
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equally in the two transplanted groups and were significantly re-
duced by NK1.1 treatment (Fig. 4M). Ncr1−/− NK cells were equivalent 
to WT NK cells in their ability to limit the intrahepatic accumula-
tion of IFN-–producing Cor93 TE (Fig. 4, N and O) and the atten-
dant immunopathology (fig. S5B). In summary, our results do not 
support the hypothesis that group 1 ILCs restrain T cell–mediated 
liver immunopathology by inducing T cell apoptosis.

Group 1 ILCs limit the proliferation of HBV-specific 
CD8+ TE cells
We then hypothesized that group 1 ILCs might modulate hepatic 
T cell immunity by interfering with T cell proliferation. To test this, 
we adoptively transferred CellTrace Violet (CTV)–labeled Cor93 
TE to group 1 ILC-depleted or control MUP-core mice (Fig. 5A). As 
shown previously, the number of intrahepatic Cor93 TE was higher 
in NK1.1-treated mice compared with isotype control–treated 
animals (Fig. 5B). This higher intrahepatic accumulation was as-
sociated with a higher CTV dilution, indicative of increased Cor93 
TE proliferation (Fig. 5C). When we tracked cell generations, we 
found a higher proliferation index (the total number of cell divi-
sions divided by the number of cells that went into division) in 
Cor93 TE isolated from NK1.1-treated MUP-core mice com-
pared with isotype control–treated animals (Fig. 5, D to F). These 
data support a role for group 1 ILCs in regulating the proliferation 
of intrahepatic CD8+ TE cells undergoing hepatocellular antigen 
recognition.

Group 1 ILCs restrain CD8+ TE cell proliferation by competing 
for local IL-2 availability
Because T cell proliferation requires IL-2 (41) and group 1 ILCs ex-
press the high-affinity receptor for this cytokine (Fig. 6A) (3, 42), we 
next hypothesized that hepatic group 1 ILCs might regulate T cell 
proliferation by depriving CD8+ TE cells of access to IL-2. To ex-
plore this possibility, we genetically removed the IL-2 receptor  
subunit (IL-2R also known as CD25) from group 1 ILCs. The re-
sulting NKp46iCre;CD25fl/fl mice were further bred against MUP-core 
mice. We confirmed that, when compared with NKp46iCre;MUP-core 
mice, NKp46iCre;CD25fl/fl;MUP-core mice lacked CD25 expression 
on group 1 ILCs (Fig. 6, B and C). The genetic absence of IL-2R 
from group 1 ILCs did not affect the total number of hepatic group 
1 ILCs (Fig. 6D) but slightly decreased the number of ILC1s (Fig. 6E) 
without significantly modifying their surface expression of key mole-
cules including CD127, IL-18R1, programmed cell death protein 1 
(PD-1), and TNF-related apoptosis-inducing ligand (TRAIL) in vitro 
or their ability to secrete IFN- in vivo (fig. S6, A to G). Next, we 
injected NKp46iCre;CD25fl/fl;MUP-core mice (and NKp46iCre;MUP- 
core controls) with NK1.1-depleting Ab or isotype control before 
Cor93 TE transfer (Fig. 6F). The genetic ablation of IL-2R from 
group 1 ILCs did not significantly affect the total group 1 ILC accu-
mulation within the liver upon TE injection; however, it slightly 
increased the NK/ILC1 ratio (Fig. 6, G to I). When we examined the 
number of Cor93 TE (and their IFN-–producing capacity), we 
observed that the genetic deficiency of IL-2R in group 1 ILCs phe-
nocopied the effect of group 1 ILC depletion (Fig. 6, J and K). Further, 
the injection of NK1.1-depleting Ab in NKp46iCre;CD25fl/fl;MUP-core 
mice failed to have an additional effect (Fig. 6, J and K). Together, 
the results indicate that the capacity of group 1 ILCs to hinder 
Cor93 TE proliferation requires their expression of the high-affinity 
receptor for IL-2.

To distinguish between NK cells and ILC1s, we transplanted 
NKp46iCre;R26tdTomato;EomesGfp BM into irradiated MUP-core re-
cipients (Fig. 6L). In the resulting mice, ILC1s (Tomato+) can be 
distinguished from NK cells (Tomato+/EomesGfp+). Whereas both 
NK cells and ILC1s were found to crawl along liver sinusoids (Fig. 6M), 
we found that ~80% of the interactions between Cor93 TE and 
group 1 ILCs involved ILC1s rather than NK cells (Fig. 6, N and O, 
and movie S3). Together with a higher expression of CD25 (Fig. 6A), 
the data suggest that ILC1s (more than NK cells) limit T cell–
induced liver immunopathology by competing for local IL-2 
availability.

We recently proposed IL-2–based immunotherapeutic strategies 
to revert the CD8+ T cell dysfunction induced by hepatocellular 
priming (43, 44). We then reasoned that, by competing for local 
IL-2 availability, hepatic group 1 ILCs might hinder the therapeutic 
efficacy of IL-2. To test this hypothesis, HBV Tg mice were treated 
with NK1.1-depleting Ab before the adoptive transfer of Cor93 
naïve CD8+ T cells (Cor93 TN). One day after transfer, selected mice 
received IL-2 (Fig. 6P). As previously described (43, 44), IL-2 ad-
ministration to HBV Tg mice resulted in Cor93 T cell expansion 
and differentiation into IFN-–producing, cytotoxic effector cells 
and in NK cell and ILC1 expansion (Fig. 6, Q to S). Group 1 ILC 
depletion alone failed to improve the number and/or function of 
Cor93 T cells undergoing hepatocellular antigen recognition 
(Fig. 6, T to V). However, group 1 ILC depletion increased the 
capacity of IL-2 to promote Cor93 T cell expansion and differentia-
tion into IFN-–producing, cytotoxic effector cells (Fig. 6, T to V). 
Together, these results support the hypothesis that hepatic group 1 
ILCs compete with CD8+ TE cells for the local availability of IL-2 
(either produced by T cells or exogenously administered).

DISCUSSION
In this study, we have used static and dynamic imaging, high- 
dimensional flow cytometry, and functional experiments to delineate 
the role of ILCs in mouse models of HBV pathogenesis. We report 
that group 1 ILCs actively crawl along liver sinusoids, and they en-
gage in prolonged interactions with HBV-specific CD8+ TE cells 
undergoing hepatocellular antigen recognition. However, contrary 
to what was previously reported in other settings, we found no evi-
dence of hepatic group 1 ILCs directly killing activated T cells; rather, 
they deprived CD8+ TE cells of access to IL-2, thus restraining their 
proliferation. Accordingly, depleting group 1 ILCs, or impairing 
their capacity to sense IL-2, increases the number of intrahepatic 
HBV-specific CD8+ TE cells and the attendant immunopathology.

In light of their enrichment in the liver and of their increase 
upon T cell–mediated immunopathology both in mice (45) and in 
humans (46), group 1 ILCs have been previously suggested to play a 
role in HBV pathogenesis (7). For instance, hepatic group 1 ILCs 
could contribute to HBV-induced liver damage by directly killing 
hepatocytes through a number of effector mechanisms, e.g., perforin/
granzyme (14, 47, 48), Fas ligand (49–52), TNF superfamily (53, 54), 
and TRAIL (15, 55, 56). However, in vivo killing of hepatocytes by 
group 1 ILCs during HBV-induced liver immunopathology has not 
been demonstrated and it is not supported by the data reported in 
this manuscript. Group 1 ILCs are known producers of IFN- (5) and 
thus could potentially be involved in the noncytopathic inhibition 
of HBV replication (16). Previous experiments in transgenic mice 
and in experimentally infected chimpanzees, however, suggested 
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that the contribution of group 1 ILC-derived IFN- to HBV clear-
ance is probably marginal (compared with the much larger amount 
produced by HBV-specific CD8+ TE cells) (45, 57, 58). Moreover, in 
patients chronically infected by HBV, group 1 ILCs become defec-
tive in their production of IFN- (14,  47,  59), rendering them 
ineffective at exerting antiviral functions (7). Finally, data obtained 
over the last decade indicate that group 1 ILCs can either stimulate 
or inhibit CD8+ T cell responses (17). Enhancement of CD8+ T cell 
responses occurs mostly via indirect mechanisms, owing to the ca-
pacity of group 1 ILC-derived cytokines (e.g., IFN-) to promote 
dendritic cell maturation (60–63). This aspect of group 1 ILC 
biology was not addressed in this study, because the experimental 
systems used herein do not rely on in vivo CD8+ T cell priming. 
More recently, group 1 ILCs have been shown to limit CD8+ T cell 
responses directly by their ability to recognize and kill activated T cells 
(17–25). The data presented here expand the role of group 1 ILCs in 
negatively regulating T cell responses, showing that they can do so 
by competing for the local availability of IL-2. By contrast, we saw 
no evidence of group 1 ILCs directly killing CD8+ T cells. Possible 
explanations for this apparent discrepancy with earlier studies in-
clude that we used a fully immunocompetent mouse model [some 
earlier studies indicate that group 1 ILC cytotoxicity toward 
CD8+ T cells occur if the latter lack type I IFN receptor signaling 
(24, 25)], that we focused exclusively on the effector phase of the 
CD8+ T cell response, or that the phenomenon described here is 
liver-specific and not occurring elsewhere (e.g., in secondary lym-
phoid organs).

Limiting effector T cell responses by 
reducing local IL-2 availability is a mech-
anism previously ascribed to T regula-
tory cells (64, 65). We speculate that, in 
the liver, this regulatory function might 
be performed by group 1 ILCs, given 
their high abundance and the high tri-
meric (i.e., high-affinity) IL-2 receptor 
expression, particularly on ILC1s. Adap-
tive T cells have been proposed to pro-
gressively displace ILCs as a function of 
age and pathogen-driven perturbations 
(2). Hence, CD8+ T cells might be com-
peting for niches established during 
development by group 1 ILCs and likely 
use an overlapping array of signals (this 
study identifies IL-2 as one of them) for 
tissue occupancy. Further evidence of a 
competition between group 1 ILCs and 
CD8+ T cells is provided by the IL-2–
dependent NK cell expansion observed 
upon lymphocytic choriomeningitis 
virus infection in mice lacking CD8+ 
T cells (66).

This study has several limitations, 
including that it relies on the adoptive 
transfer of a relatively large number of 
TCR transgenic CD8+ T cells. Second, 
although our data indicate that, when 
compared with NK cells, ILC1s interact 
more with CD8+ TE cells and express 
higher levels of CD25, we have not defi-

nitely resolved whether the T cell–limiting activity is restricted to 
ILC1s or whether NK cells contribute as well. In addition, we have 
focused our analyses on the impact of group 1 ILCs on CD8+ 
T cells and have not addressed whether similar mechanisms are also 
operative in CD4+ T cells. Last, we have not directly investigated 
the role of molecules such as TRAIL or PD-L1 that have been 
previously suggested to play a role in limiting T cell responses 
(23, 28, 67). We believe that future studies should confirm and 
extend our results, as well as address the abovementioned issues.

Several questions remain also unanswered that warrant fur-
ther investigation. For instance, what causes the intrahepatic accu-
mulation of group 1 ILCs upon T cell–mediated immunopathology? 
Previous studies suggest that CD8+ TE cell–derived IFN- induces 
the hepatic expression of chemokine (C-X-C motif) ligands 9 and 10 
(CXCL9 and CXCL10), which recruit NK1.1+ cells in a chemokine 
(C-X-C motif) receptor 3 (CXCR3)-dependent fashion (45). 
Furthermore, IFN- has been shown to promote the development 
of ILC1s from Lin− CD122+ CD49a+ progenitors (68). However, the 
relative role of recruitment versus local proliferation of either NK 
cells or ILC1s remains to be fully resolved. Further, what are the 
mechanisms whereby hepatic group 1 ILCs interact with CD8+ TE 
cells? Is the interaction mediated exclusively by the local sensing 
of IL-2, or are group 1 ILCs sensing additional chemoattractants 
produced by T cells? Are there adhesion molecules involved in 
the interaction? Answers to these questions will provide further 
insight into interactions between hepatic group 1 ILCs and 
CD8+ T cells.
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Fig. 6. Group 1 ILCs restrain CD8+ TE 
cell proliferation by compet-
ing for local IL-2 availability. 
(A and B) Representative histo-
grams and geometric fluores-
cent intensity quantification of 
CD25 expression on ILC1s (red 
line and dots) and NK cells (yellow 
line and dots) in the liver of MUP- 
core mice upon PBS (n = 5) or 
Cor93 TE injection (n = 4). As con-
trol, isotype control is indicated 
in gray. (B) Representative histo-
grams of CD25 expression on 
ILC1s and NK cells in the liver of 
NKp46iCre+/−; CD25WT; MUP-core 
mice (blue line) or NKp46iCre+/−; 
CD25fl/fl; MUP-core mice (blue 
dashed line). (C) Frequency of 
CD25+-ILC1s (left) and CD25+-
NK cells (right) in the liver of 
NKp46iCre+/−; CD25WT; MUP-core 
mice (filled symbols, n = 5) or 
NKp46iCre+/−; CD25fl/fl; MUP-core 
mice (empty symbols, n = 4). 
(D and E) Absolute numbers of 
group 1 ILCs (D), ILC1s, and NK 
cells (E) obtained from the liver 
of NKp46iCre+/−; CD25WT; MUP-
core (filled symbols, n = 5) or 
NKp46iCre+/−; CD25fl/fl; MUP-core 
mice (empty symbols, n = 5). 
( F ) NKp46iCre+/−; CD25WT or
CD25fl/fl; MUP-core mice were 
treated with NK1.1 Abs or iso-
type control before receiving 107 
Cor93 TE. Livers were collected 
and analyzed 3 days after T cell 
transfer. (G and H) Absolute 
numbers of group 1 ILCs (G), 
ILC1s, and NK cells (H) obtained 
3 days after T cell transfer from 
the liver of the indicated mice 
treated with NK1.1 (red dots, 
n = 3 to 5) or isotype control 
(blue dots, n = 4 to 5). (I) Ratio 
between NK cells and ILC1s re-
covered from the liver of indi-
cated mice 3 days after T cell transfer. (J and K) Absolute numbers of Cor93 TE (J) and IFN-+ Cor93 TE (K) in the liver of the indicated mice 3 days after transfer. Data are 
expressed as means ± SEM and are representative of at least two independent experiments. (L) MUP-core mice were lethally irradiated and received NKp46iCre+/−; 
R26TdTomato+/−;Eomesgfp/gfp BM. After 12 weeks, mice were injected with 107 fluorescent Cor93 TE (cyan) and 107 fluorescent control P14 TE (green). Multiphoton intra-
vital microscopy was performed from 4 to 6 hours after injection (n = 4). (M) The average cell velocity per track of indicated cells is represented. Circles represent a cell 
track, and bars indicate median values. A total of 109 NK tracks, 134 ILC1 tracks, 349 Cor93 TE tracks, and 38 P14 TE tracks were analyzed. (N) Pie chart representing the 
number of interactions between Cor93 TE cells and ILC1s or NK cells. Eighty percent of interactions (n of interaction = 41, orange) are between Cor93 TE and ILC1s; 20% of 
interactions are between Cor93 TE and NK cells (n of interactions = 10; green). (O) Quantification of the interaction time between ILC1s (orange) or NK cells (green) and Cor93 
TE cells. Red boxes indicate the percentage of cells that are interacting for more than 20 min. Data are from four mice in two different experiments. (P) Schematic repre-
sentation of the experimental setup. HBV Tg mice were injected with the NK1.1 Abs (n = 8, red symbols) or isotype control (n = 8, blue symbols) before the transfer of 106 
HBcAg-specific naïve CD8+ T cells (Cor93 TN) followed, 24 hours later, by administration of IL-2. Livers were collected and analyzed 5 days after T cell transfer. (Q to S) Absolute 
numbers of group 1 ILCs (Q), NK cells (R), and ILC1s (S) obtained 5 days after T cell transfer from the liver of the indicated mice that received IL-2 (n = 8, empty symbols) or 
PBS (n = 8, filled symbols). Control, untreated mice are shown as additional controls (n = 2, empty black symbols). (T and U) Absolute numbers of Cor93 T cells (T) and of 
IFN-+ Cor93 T cells (U) in the liver of the indicated mice. (V) Serum transaminase activity (ALT; U/liter) in the indicated mice 3 days after Cor93 TN injection. Data 
are expressed as means ± SEM and are representative of at least two independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001; two-tailed Mann-Whitney U test 
(C to E, H, and I), Kruskal-Wallis test (G, J, K, and M), and two-way ANOVA followed by Sidak’s multiple comparisons test (A and Q to V).
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In summary, we have revealed a role for hepatic group 1 ILCs in 
limiting liver immunopathology by restraining CD8+ TE cell prolif-
eration through competition for local IL-2 availability. We believe 
that this work has potentially significant implications for immuno-
therapeutic approaches against chronic HBV infection, because 
hepatic group 1 ILCs might limit the therapeutic efficacy of conven-
tional IL-2 therapy. In addition, strategies aimed at boosting the 
herein described function of group 1 ILCs might be considered to 
limit T cell–mediated organ damage.

MATERIALS AND METHODS
Study design
The aim of this study was to delineate the in vivo function of hepatic 
group 1 ILCs during T cell–mediated liver immunopathology. We 
sought to address this aim using two lineages of HBV Tg mice 
(HBV replication–competent and MUP-core mice) as recipients of 
HBV-specific CD8+ T cells. Mouse experiments were planned in 
accordance with the principles of the 3Rs (replacement, reduction, 
and refinement). Liver immunopathology was assessed by measuring 
the level of serum transaminase and by characterizing the immune 
cell infiltrates in the liver through flow cytometry and histology. 
The intrahepatic behavior of group 1 ILCs and their cross-talk with 
CD8+ T cells were analyzed by intravital microscopy and confocal 
immunofluorescence histology. The capacity of group 1 ILCs to 
compete for local IL-2 was demonstrated by genetically removing 
the IL-2R from group 1 ILCs. Sample size and replicates for each 
experiment are indicated in the figure legends. During analysis, no 
individual data points were excluded under any circumstances other 
than technical failure to process the sample. Animals were random-
ized to the experimental groups.

Mouse models
C57BL/6, CD45.1 (inbred C57BL/6), Balb/c, Thy1.1 [CBy.PL(B6)-Thya/ScrJ], 
-actin–green fluorescent protein (GFP) [C57BL/6-Tg(CAG- EGFP)1Osb/J], 
Ai14(RCL-TdT) [B6.Cg-Gt(ROSA)26Sortm14(CAG-TdTomato)Hze/J], 
Ai6(RCL-ZsGreen) [B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J], 
and B6(129S4)-Il2ratm1c(EUCOMM)Wtsi/TrmaJ mice were purchased 
from Charles River or the Jackson Laboratory. ROSA26 (R26)iDTR 
mice (69) were obtained from M. Bacigaluppi (San Raffaele Scien-
tific Institute). NKp46iCre knock-in mice (inbred C57BL/6), in 
which iCre was inserted by homologous recombination at the 3′ 
end of the NKp46 gene, have been previously described (29). In indi-
cated experiments, NKp46iCre mice were bred against R26TdTomato, 
R26ZsGreen, CD25fl/fl, or R26iDTR mice. MUP-core transgenic mice 
(lineage MUP- core 50 [MC50], inbred C57BL/6), which express the 
HBV core protein in 100% of the hepatocytes under the transcrip-
tional control of the mouse MUP promoter, have been previously 
described (34). In selected experiments, MUP-core mice were bred 
against NKp46iCre;R26TdTomato mice, against NKp46iCre;R26iDTR or 
against NKp46iCre;CD25fl/fl mice. HBV Tg mice (lineage 1.3.32, in-
bred C57BL/6), which express all of the HBV antigens and replicate 
HBV in the liver at high levels without any evidence of cytopathology, 
have been previously described (26). In indicated experiments, HBV 
Tg mice were used as C57BL/6 × Balb/c (H-2bxd) F1 hybrids. Cor93 
TCR transgenic mice (lineage BC10.3, inbred CD45.1), in which 
>98% of the splenic CD8+ T cells recognize a Kb-restricted epitope
located between residues 93 and 100  in the HBV core protein
(MGLKFRQL), have been previously described (33). For imaging

experiments, Cor93 transgenic mice were bred against -actin–
GFP. Env28 TCR transgenic mice (lineage 6C2.36, inbred Balb/c), in 
which ∼83% of the splenic CD8+ T cells recognize a Ld-restricted epitope 
located between residues 28 and 39 of HBsAg (IPQSLDSWWTSL), 
have been previously described (33). They were mated once with 
Thy1.1 mice (inbred Balb/c) so that the TCR transgenic T cells 
could be easily followed upon adoptive transfer by anti-Thy1.1 Ab 
staining. P14 mice (70) were obtained through the Swiss Immuno-
logical Mouse Repository. Mice were housed under specific pathogen–
free conditions and used at 8 weeks of age, unless otherwise indicated. 
In all experiments, male mice were matched for age and (for HBV 
replication–competent mice) serum HBeAg levels before experi-
mental manipulations. All experimental animal procedures were 
approved by the Institutional Animal Committee of the San Raffaele 
Scientific Institute.

Naïve CD8+ T cell isolation, CD8+ TE cell differentiation, 
and adoptive transfer
Naïve CD8+ T cells were differentiated in vitro for 7 to 9 days into 
effector cells before adoptive transfer (107 effector cells per mouse), 
as described (30). Briefly, splenocytes from Env28, Cor93, or P14 
TCR transgenic mice were incubated at 37°C for 1 hour with Env28–39 
(Ld; IPQSLDSWWTSL), Cor93–100 (Kb; MGLKFRQL), or GP33–41 
(Db; KAVYNFATM) (10 g/ml) peptides (Primm), respectively. After 
stimulation, cells were washed and cultured in complete medium 
supplemented with IL-2 for 7 to 9 days. In imaging experiments, 107 
effector P14 T cells were labeled with 1 M Deep Red (Life Technolo-
gies, #C34565) for 20 min at 37°C in RPMI before adoptive transfer 
together with 107 effector Cor93 GFP+ CD8+ T cells. In the experi-
ments described in Fig. 6, mice were adoptively transferred with 106 
HBV-specific naïve CD8+ TCR transgenic T cells isolated from the 
spleens of Cor93 TCR transgenic mice, as previously described (43).

T cell transduction
pMSCV-CFP-DEVD-YFP and pMSCV-CFP-DEVG-YFP plasmids 
were previously described (36). To produce retroviral particles, hu-
man embryonic kidney (HEK)–293T cells were cotransfected with 
2 g of pCL-Eco packaging vector (#NBP2-29540) and 3 g of DEVD 
or DEVG plasmid using a jetPRIME transfection reagent (Polyplus- 
transfection SA, Illkirch, France; #114-15). The medium was removed 
4 hours later and replaced with fresh complete medium. Super-
natants containing retroviral particles were harvested at 24 hours 
and filtered using a 0.45-m filter.

CD8+ T cells were isolated from the spleen of Cor93 TCR trans-
genic mice, as described above, and activated for 1 hour in the pres-
ence of Cor93–100. Two rounds of spin infection (1000g for 90 min at 
32°C) were performed after 48 and 72 hours using retroviral super-
natant supplemented with polybrene (8 g/ml) (Sigma-Aldrich, 
#TR-1003). T cells were cultured and expanded for additional 
48 hours in fresh medium in the presence of 2.5% EL-4 supernatant.

Irradiation and BM transplantation
BM chimeras were generated by lethal irradiation of MUP-core 
mice (background C57BL/6N CD45.1/CD45.2) with one dose of 
900 rad and reconstitution with the indicated BM (CD45.2); mice 
were allowed to reconstitute for at least 8 weeks before experimental 
manipulations. In the experiments described in Fig. 4, MUP-core 
mice were irradiated and reconstituted for at least 8 weeks with BM 
from Perforin (Prf−/−) or NKp46 (Ncr1−/−) mice. In the experiments 
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described in Fig. 6, MUP-core mice were irradiated and reconstituted 
for at least 12 weeks with BM from NKp46iCre+/−;R26tdTomato+/−; 
Eomesgfp/gfp mice.

In vivo treatment
Group 1 ILCs were depleted by intravenous injection of NK1.1- 
depleting Abs (100 g per mouse; Bio X Cell, #BE0036, clone PK136) 
in HBV Tg mice or MUP-core mice. In selected experiments, 
NKp46iCre+/−;R26iDTR mice were treated intraperitoneally with 500 ng 
per mouse of DT (Millipore, #322326) 1 day before T cell transfer 
and every 48 hours. In selected experiments, HBV Tg mice were 
injected intraperitoneally with 0.5 mg/kg of an Fc effector dead WT 
IL-2 fusion protein, 1 day after HBV-specific naïve CD8+ T cell 
transfer. In the experiments described in fig. S6, NKp46iCre+/−; 
CD25WT or NKp46iCre+/−;CD25fl/fl mice were infected intraperitoneally 
with 103 plaque-forming units of murine cytomegalovirus (MCMV) 
(Smith strain), which was obtained from the lysate of salivary gland 
of BALB/c mice 3 weeks after infection.

Cell isolation and flow cytometry
Single-cell suspension of livers was generated as described (43). The 
lung was perfused through the right ventricle with PBS at the time 
of autopsy. Lung tissue was digested in RPMI 1640 containing col-
lagenase IV (3.2 mg/ml) and deoxyribonuclease I (DNAse I) (25 U/ml) 
for 30 min at 37°C. The homogenized lung was passed through 70-m 
nylon mesh to obtain a single-cell suspension. Cells were resuspended 
in 36% Percoll solution and centrifuged for 20 min at 2000 rpm 
(light acceleration and low brake). The remaining red blood cells 
were removed with ammonium-chloride-potassium (ACK) lysis. 
The small intestine was harvested paying attention to remove fat 
and Peyer’s patches. It was cut longitudinally and rinsed with PBS 
and then it was placed in complete medium [Dulbecco’s modified 
Eagles’ medium supplemented with 10% fetal bovine serum (FBS), 
1% penicillin and streptomycin, and 1% l-glutamine] with 1 mM 
dithiothreitol (Sigma-Aldrich, #10197777001) for 10 min at 37°C. The 
pieces of small intestine were then transferred in complete medium 
with 1 mM EDTA for 10 min at 37°C. After that, the EDTA buffer was 
replaced with a fresh one for other 10 min at 37°C. Tissue suspen-
sion was placed in fresh medium with collagenase D (1 mg/ml) 
(Sigma-Aldrich, #11088858001) and DNase I (5 U/ml) for 30 min 
at 37°C. The homogenized intestine was passed through 70-m 
strainer and washed one time with PBS. Cell suspension was re-
suspended with 44% Percoll solution and overlaid on 66% Percoll 
solution. After centrifugation for 20 min at 2000 rpm (light acceler-
ation and low brake), cells were isolated at the interface.

In selected experiments (fig. S6), IHLs were in vitro–stimulated 
for 4 hours with IL-12 (10 ng/ml) and IL-18 (10 ng/ml). For analysis 
of ex vivo intracellular cytokine production, brefeldin A (1 g/ml) 
(Sigma-Aldrich) was included in the digestion buffer and in the 
stimulation cocktail. All flow cytometry stainings of surface-expressed 
and intracellular molecules were performed as described (43). Cell 
viability was assessed by staining with a Viobility 405/520 fixable 
dye (Miltenyi, no. 130-109-814). Abs used are indicated in table S1.

In selected experiments (Fig. 5), cells were labeled using a CTV 
cell proliferation kit (Thermo Fisher Scientific, #C34571) according 
to the manufacturer’s instructions. The CaspGLOW Fluorescein 
Active Caspase Staining Kit (BioVision, #K180) was used for detecting 
activated caspases in living cells (Fig. 4). The assay uses the caspase 
family inhibitor VAD-FMK conjugated to FITC (FITC-VAD-FMK) 

that irreversibly binds to activated caspases. In selected experiments 
(Fig. 4 and fig. S4), the ratio of CFP to YFP fluorescence in trans-
duced cells was calculated using FlowJo. Recombinant dimeric 
H-2Ld:Ig and H-2Kb:Ig fusion proteins (BD Biosciences) complexed
with peptides derived from HBsAg (Env28–39, IPQSLDSWWTSL,
Primm) or from HBcAg (Cor93–100, MGLKFRQL, Primm), re-
spectively, were prepared according to the manufacturer’s instruc-
tions. Flow cytometry analysis was performed on BD FACSCanto
II or BD FACSymphony A5 and analyzed with FlowJo software
(Treestar).

Confocal immunofluorescence histology
Livers were perfused with PBS, harvested and fixed in 4% parafor-
maldehyde for 16 hours, and then dehydrated in 30% sucrose be-
fore embedding in optimal cutting temperature compound (OCT) 
freezing media (Killik Bio-Optica, #05-9801). Twenty-micrometer 
sections were cut on a CM1520 cryostat (Leica) and adhered to 
Superfrost Plus slides (Thermo Fisher Scientific). Sections were 
then permeabilized and blocked in PBS containing 0.3% Triton 
X-100 (Sigma-Aldrich) and 10% FBS followed by staining in the same 
blocking buffer (30). The following primary Abs were used for 
staining: anti–collagen IV (polyclonal; Abcam, #Ab6586) and anti–
Lyve-1 (polyclonal; Novus Biologicals, #NB600-1008). The following 
secondary Abs were used for staining: Alexa Fluor 647–conjugated 
goat anti-rabbit immunoglobulin G (IgG) (Life Technologies) and 
BV421-conjugated donkey anti-rabbit IgG (Life Technologies). 
Stained slides were mounted with the FluorSave Reagent (Merck 
Millipore, #345789), and images were acquired on an SP5 or SP8 
confocal microscope (Leica Microsystem) with 40× oil- immersion 
or 20× objective. To minimize fluorophore spectral spillover, the 
Leica sequential laser excitation and detection modality was used.

Histochemistry
For hematoxylin and eosin (H&E) staining, livers were perfused with 
PBS, harvested in Zn formalin, and transferred into 70% ethanol 
24 hours later. Tissues were then processed, embedded in paraffin, 
and stained as previously described (30, 43). Bright-field images were 
acquired through an Aperio Scanscope System CS2 microscope and 
an ImageScope program (Leica Biosystem) following the manufac-
turer’s instructions.

Multiphoton intravital microscopy
Liver multiphoton intravital microscopy was performed as described 
(71). Liver sinusoids were visualized by injecting nontargeted 
Qdot 655 (Life Technologies, #Q21021MP) intravenously immedi-
ately before imaging. Images were acquired with a LaVision BioTec 
TriMScope II coupled to a Nikon Ti-U inverted microscope 
enclosed in a custom-built environmental chamber (Life Imaging 
Services) that was maintained at 37° to 38°C with heated air. Fluo-
rescence excitation was provided by two tunable femtosecond-pulsed 
Ti:Sa lasers (680 to 1080 nm; Ultra II, Coherent). The setup includes 
four photomultiplier tubes [three Hamamatsu H7422-40 GaAsP High 
Sensitivity photomultiplier tubes (PMTs) and one Hamamatsu 
H7422-50 GaAsP High Sensitivity red-extended PMT] and a high 
working distance water- immersion 25× objective (numerical 
aperture = 0.95; Olympus). For four-dimensional (4D) analysis of cell 
migration, stacks of 6 to 15 square xy sections (150 m by 150 m to 
400 m by 400 m) sampled with 4-m z spacing were acquired 
every 20 s for 20 to 60  min. Sequences of image stacks were 
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transformed into volume-rendered, 4D time-lapse movies with 
Imaris 8.4 and 9.1 (Bitplane). The 3D positions of the cell centroids 
were segmented by the semiautomated cell tracking algorithm of 
Imaris. The single-cell speed was calculated as the mean 3D velocity 
per cell track, whereas the instantaneous velocity represents the 3D 
velocities of each single step in a track. The arrest coefficient was 
defined as the percentage of time a track instantaneous velocity re-
mains below a given motility threshold (here, 3 m/min). The track 
displacement (distance between the initial and the final position of 
a cell) was divided by the total track length to obtain the meander-
ing index, a measure of the directionality of a track. Last, mean dis-
placement versus time and turning angle changes were calculated 
from the x, y, and z coordinates of the cell centroids using 
custom- designed scripts in MATLAB 2019b (MathWorks).

Biochemical analysis
The extent of hepatocellular injury was monitored by measuring 
plasma ALT activity at multiple time points after treatment, as 
previously described (30). Briefly, serum was obtained by centrifu-
gation for 10 min at 3500 rpm. ALT/ glutamic pyruvic transaminase 
(GPT) liquid (#0018257440) was used for the quantitative determi-
nation of the serum ALT with an International Federation of Clinical 
Chemistry and Laboratory Medicine–optimized kinetic ultraviolet 
(UV) method in an ILab Aries chemical analyzer (Instrumentation 
Laboratory). SeraChem Control Level 1 and Level 2 (#0018162412 
and #0018162512) were analyzed as quality control.

Statistical analyses and software
Detailed information concerning the statistical methods used is 
provided in the figure legends. Flow and imaging data were collected 
using FlowJo version 10.5.3 (Treestar) and Imaris (Bitplane), re-
spectively. Statistical analyses were performed with GraphPad Prism 
software version 8 (GraphPad). n represents individual mice ana-
lyzed per experiment. Experiments were performed independently 
at least twice to control for experimental variation. Error bars indi-
cate the SEM. Normality of data distribution was tested in all graphs 
with a Shapiro-Wilk normality test, and parametric tests were chosen 
only when normality could be confirmed for each dataset. We used 
Mann-Whitney U tests to compare two groups with nonnormally 
distributed continuous variables and Kruskal-Wallis nonparametric 
test to compare three or more unpaired groups. We used two-way 
analysis of variance (ANOVA) followed by Sidak’s multiple com-
parisons tests to analyze experiments with multiple groups and two 
independent variables. Significance is indicated as follows: *P < 0.05, 
**P  <  0.01, and ***P  <  0.001. Comparisons are not statistically 
significant unless indicated.
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