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SUMMARY
The liver harbors two main innate lymphoid cell (ILC) populations: conventional NK (cNK) cells and tissue-
resident NK (trNK) cells. Using the MCMV model of infection, we find that, in contrast to liver cNK cells,
trNK cells initially undergo a contraction phase followed by a recovery phase to homeostatic levels. The
contraction is MCMV independent because a similar phenotype is observed following poly(I:C)/CpG or
a-GalCer injection. The rapid contraction phase is due to apoptosis, whereas the recovery phase occurs
via proliferation in situ. Interestingly, trNK cell apoptosis is not mediated by fratricide and not induced by liver
lymphocytes or inflammatory cytokines. Instead, we find that trNK cell apoptosis is the consequence of an
increased sensitivity to lactic acid. Mechanistic analysis indicates that trNK cell sensitivity to lactate is linked
to impaired mitochondrial function. These findings underscore the distinctive properties of the liver-resident
NK cell compartment.
INTRODUCTION

Natural killer (NK) cells are crucial members of the innate immune

system and play key roles in early control of pathogens and tu-

mor development by facilitating synergy between the innate

and adaptive immune responses (Babi�c et al., 2011). NK cell

subsets are often classified as members of the innate lymphoid

cell (ILC) family, which is comprised of NK cells, ILC1, ILC2, ILC3,

or LTi cells, depending on their transcription factor requirements

and cytokine production (Vivier et al., 2018). NK cells require

Tbx21 (T-bet) and Eomesodermin (Eomes); ILC1 and tissue-resi-

dent NK (trNK) cells require T-bet; ILC2 cells require GATA3; and

ILC3 and LTi cells require RORgt (Colonna, 2018; Fang and Zhu,

2017; Ishizuka et al., 2016; Sonnenberg and Artis, 2015; Vivier

et al., 2018). A role of ILCs has been shown in several biological

settings, including tissue repair, inflammation, and immune de-

fense (Artis and Spits, 2015; Cortez et al., 2015; McKenzie

et al., 2014; Serafini et al., 2015). Within the past decade, exten-

sive research has revealed the varied lineage, differentiation, and

developmental pathways of ILCs. Often, these variations are

dependent on the environmental cues of peripheral sites, the mi-

crobiome, and cytokine stimulation (Daussy et al., 2014; Gury-

BenAri et al., 2016; Marçais et al., 2013; Peng et al., 2016).

Most of our knowledge regarding NK cells was derived from

studies using human PBMCs and mouse splenic NK cells, which

are referred to as circulating or conventional NK (cNK) cells
This is an open access article under the CC BY-N
(Sojka et al., 2014; Yokoyama et al., 2013). Recent studies

have shown that ILC subsets can be distinguished based on

transcription factor expression. cNK cells are positive for T-bet

and Eomes, whereas trNK cells express T-bet but are negative

for Eomes (Daussy et al., 2014; Sojka et al., 2014). trNK cells

are non-circulating and, in addition to the liver, reside in periph-

eral organs such as the salivary glands, kidneys, and uterus

(Erick and Brossay, 2016). Earlier studies found that a large

portion of liver NK cells differed from the mature cNK cell pheno-

type because of their lack of DX5 expression and exclusive

TRAIL expression (Crispe, 2009; Gordon et al., 2012; Kim

et al., 2002; Takeda et al., 2005). However, the absence of DX5

was of limited use in identifying trNK cells because immature

cNK cells also lack DX5 expression (Yokoyama et al., 2013).

Because of these complications, studies performed on NK cells

within the liver were not able to distinguish between cNK and

trNK cells until recently (Peng et al., 2013; Weizman et al., 2017).

Regarding their function, hepatic trNK cells have been shown

to produce interferon g (IFN-g) more rapidly than cNK cells dur-

ing murine cytomegalovirus (MCMV) infection and to be benefi-

cial during infection (Weizman et al., 2017). In contrast, they

have been shown to negatively regulate the antiviral responses

of hepatic T cells during lymphocytic choriomeningitis virus

(LCMV) infection (Zhou et al., 2019). Previous work from our

lab examined the immune response of the liver NK cell compart-

ment following MCMV infection (Robbins et al., 2004). However,
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Figure 1. Liver NKCell Populations Have Distinct Kinetic Responses

to MCMV Infection

(A) Representative staining of liver cNK (gray) and trNK (red) cells at the indi-

cated time points post-MCMV infection in C57BL/6 mice. Samples are first

gated on TCRb�CD3�NK1.1+ cells.

(B and C) Frequency (B) and absolute numbers (C) of liver cNK and trNK cell

populations 0, 1.5, 7, or 14 days post-infection (n = 9–11).

(D) Frequency of liver cNK and trNK populations 36 h after ⍺-GalCer treatment

(n = 9–10).

(E) Frequency of liver cNK and trNK cell populations 24 h after poly(I:C)/CpG

treatment (n = 6).

Data are representative of (A) or pooled from 2–3 experiments (B–E); error bars

indicate SEM. *p < 0.05, **p < 0.01,***p < 0.001, and ****p < 0.0001.
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when these studies were performed, themarkers to separate the

heterogeneous ILC population were not available. In the present

study, we revisit these studies and characterize the kinetics and

immune response of each of the hepatic NK cell populations to

viral challenge and other stimuli. Surprisingly, we found that,

following a variety of biological stresses, trNK cells undergo

rapid apoptosis, which is the consequence of an increased

sensitivity to lactic acid and impaired mitochondrial function.

This is followed by a recovery phase to homeostatic levels.

RESULTS

Hepatic cNK and trNK Cells Have Different Kinetic
Responses after MCMV Infection
Our laboratory previously characterized the kinetics of the liver

NK cell compartment in response to viral infection (Robbins
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et al., 2004). However, these studies were performed before

the description of different populations of NK cells (Peng et al.,

2013). Therefore, we sought to revisit these studies to investigate

hepatic NK cell populations individually, using markers specific

for cNK cells and trNK cells. Following cardiac puncture and liver

perfusion, we found that hepatic cNK cell and trNK cell popula-

tions were equally represented (Figure 1A-C). The reported

number and frequency of trNK cells in the liver have not been

consistent across the literature, most likely because of the fact

that liver perfusion and cardiac puncture are not always per-

formed. Following MCMV infection, we found that liver cNK cells

expand, with a peak in absolute numbers on day 7 post-infec-

tion, and then contract to steady-state levels on day 14 post-

infection (Figures 1A–1C). This kinetic profile mostly parallels

the splenic NK cell compartment during the immune response

to MCMV infection (Robbins et al., 2004; Sun et al., 2009). In

contrast, we unexpectedly found that trNK cells initially undergo

a rapid contraction phase before returning to homeostatic cell

numbers by day 7 and frequency by day 14 post-infection (Fig-

ures 1A–1C). Taken together, these data indicate that liver cNK

and trNK cells have inverse kinetic profiles in response to

MCMV infection.

The Hepatic trNK Compartment Cellularity Change Is
Not Specific to MCMV Infection
Splenic NK cell expansion during MCMV has been well charac-

terized and is dependent on increased sensitivity of Ly49H+ NK

cells, primarily to interleukin-15 (IL-15), following Ly49H engage-

ment with its MCMV-derived ligand m157 (Sun et al., 2009).

Because trNK cells do not express Ly49H, we expected that

they would behave like Ly49H� NK cells. Regarding the unex-

pected contraction phase, we hypothesized that it was induced

directly by MCMV viral proteins or as an indirect consequence of

the viral infection. To distinguish between these two possibilities,

we utilized a-galactosylceramine (a-GalCer) and poly(I:C)/CpG

to indirectly induce NK cell activation via inflammatory cytokines.

Interestingly, trNK cells also contract rapidly in response to

a-GalCer (Figures 1D and S1) and poly(I:C)/CpG injection (Fig-

ure 1E). From these data, we conclude that viral proteins are

dispensable for liver trNK cell contraction.

Hepatic trNK Cells Proliferate and Home to the Liver
The early decrease in trNK cell number following activation could

also potentially be due to their migration to other organs. Howev-

er, we considered this unlikely because liver trNK cells do not

circulate throughout the cardiovascular system like cNK cells

(Björkström et al., 2016; Peng et al., 2013; Sojka et al., 2014).

In support of these findings, we found that liver trNK cells pre-

dominantly homed to the liver following adoptive transfer of con-

genic liver trNK cells into Rag2�/�IL-2Rg�/� mice (Figure 2A).

When we examined other organs, such as the spleen and blood,

few transferred cells were found (Figure 2A). We next investi-

gated whether the cells that home to the liver proliferated. Using

cell proliferation dye (CPD), we found that trNK cells proliferated,

but not to the extent of their cNK cell counterparts (Figures 2B

and 2C). Taken together, our data demonstrate that liver trNK

cells home to, contract, and proliferate within the liver

microenvironment.



Figure 2. Liver trNK Cells Home to/Proliferate within the Liver and

Undergo Apoptosis after MCMV Infection

(A) Representative staining of liver trNK cells (red) 10 days post-transfer into

Rag2�/�IL-2Rg�/� mice.

(B) Representative proliferation of liver cNK (gray) and trNK cells (red) on day 4

post-transfer using cell proliferation dye (CPD).

(C) Frequency of liver cNK and trNK cells greater than indicated cycle on day 4

post-transfer (n = 8).

(D) Frequency of Annexin V+ liver cNK and trNK cell populations 30 and 36 h

post-MCMV infection (n = 9–11).

(E) Frequency of FAM-FLICA+ liver cNK and trNK cell populations 36 h post-

MCMV infection (n = 5).

(F) Frequency and numbers of liver cNK and trNK cells producing IFN-g 36 h

following MCMV infection (n = 6).

Data are representative of (A and B) or pooled from 2–3 experiments (C–F);

error bars indicate SEM. *p < 0.05, **p < 0.01,***p < 0.001, and ****p < 0.0001.
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Hepatic trNK Cells Undergo Apoptosis after MCMV
Infection
Because we excluded migration to other tissues, we hypothe-

sized that the activation-induced trNK cell disappearance was

due to cell death. To investigate this possibility, we measured

liver NK cell apoptosis following MCMV infection. We found
that, in comparison with cNK cells, trNK cells preferentially un-

dergo apoptosis 30 and 36 h post-MCMV infection, as indicated

by Annexin V staining (Figure 2D). These findings were further

confirmed using an assay for active caspases (FAM-FLICA) (Fig-

ure 2E). Similar results were obtained following a-GalCer treat-

ment (Figure S1D). Altogether, these data demonstrate the

distinctive sensitivity of the liver trNK cell compartment to activa-

tion and/or stress.

Liver trNK Cells Respond Early and Transiently within
the Liver Microenvironment
Given the sensitivity of trNK cells to stimulation and their high

rate of apoptosis, we reasoned that trNK cellsmay not contribute

significantly to the antiviral immune response at early time points

post-infection. However, it has been shown recently that trNK

cells confer early host protection at initial sites of infection, but

this was observed using a hydrodynamic injection method

(Weizman et al., 2017). Using a traditional intraperitoneal (i.p.)

MCMV infection model, we found that the frequency of IFN-g+

trNK cells and cNK cells was comparable on day 1.5 after infec-

tion (Figure 2F). However, given the high rate of apoptosis within

the trNK cell subset, IFN-g+ cNK cells outnumbered IFN-g trNK

cells (Figure 2F). Similarly, the number of cNK cells producing

IFN-g was significantly higher 6 h after a-GalCer injection (data

not shown). Taken together, these data indicate that the trNK

effector response is rapid but less powerful than the cNK cell

response at this time point.

Liver trNKCell Disappearance Is Independent of IL-1, IL-
12, IL-18, and IFN-g
To gain insight into the mechanism leading to disappearance of

the trNK cell compartment, we investigated the role of the inflam-

matory cytokines IL-12 and IL-18, which are produced at high

levels during MCMV infection. To do this, we used mice condi-

tionally deficient for IL-12Rb2 and Myd88 in the NK lineage.

Although beyond the scope of this paper, we did not find any

obvious differences in NK cell development in these mice (Fig-

ures S2A and S2B and data not shown). NCR.Cre.IL-12Rbfl/fl,

NCR.Cre.MyD88fl/fl, and corresponding heterozygous littermate

controls were infected with MCMV for 36 h. Unexpectedly, we

found that the trNK cell compartment contracted in frequency

and number in all tested genotypes (Figures 3A, 3B, and S2C).

Because the IL-1 cytokine family, which includes IL-18, signals

through the Myd88 adaptor, these data indicate that IL-1, IL-

12, and IL-18 are individually dispensable for the observed

trNK cell phenotype. Notably, blocking IFN-g also had no effect

on trNK cell loss (Figure S2D).

trNK Cell Apoptosis Is Not due to Killing by Other
Lymphocytes
It has been shown that IFNAR-deficient NK cells exhibit more

apoptosis compared with wild-type NK cells because of fratri-

cide (Madera et al., 2016). We therefore hypothesized that trNK

cells would be even more apoptotic in the absence of type 1

IFN signaling. Using mice that are conditionally deficient for the

type I IFN receptor in the NK cell lineage, we found that the

trNK compartment is equally reduced compared with littermate

controls (Figure 3C), excluding a role of type I IFN. In addition,
Cell Reports 32, 107855, July 7, 2020 3



Figure 3. Liver trNK Cell Disappearance Is Independent of IL-1, IL-

12, IL-18, and Type 1 IFN Signaling

(A) Frequency of liver NK populations from MyD88fl/fl and MyD88fl/+ controls

36 h post-MCMV infection (n = 7–10).

(B) Frequency of liver NK cell populations from IL12Rb2fl/fl and IL12Rb2fl/+

controls 36 h post-MCMV infection (n = 6–8).

(C) Frequency of liver NK populations from IFNAR1fl/fl and IFNAR1fl/+ controls

36 h post-MCMV infection (n = 4–6).

Data are pooled from 2–3 experiments (A–C); error bars indicate SEM. *p <

0.05, **p < 0.01,***p < 0.001, and ****p < 0.0001.
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trNK cells unable to respond to type I IFN and IL-12 also con-

tracted (Figure S2E).

We next investigated whether TRAIL was responsible for trNK

cell apoptosis via fratricide. To this end, we took advantage of

mice that are TRAIL deficient. We (Figures S2F and S2G) and

others (Almeida et al., 2018; Sheppard et al., 2018; Turchinovich

et al., 2018) found that, when Ncr1 is absent, trNK cells no longer

express TRAIL. Using Ncr1gfp mice, in which an IRES-GFP re-

places Ncr1, abolishing Ncr1 expression, we found that TRAIL-

deficient trNK cells also underwent apoptosis (Figure S2H).

Liver trNK cell apoptosis could be mediated by other liver

lymphocyte subsets. For instance, during LCMV infection, cNK

cells have been shown to regulate the CD4+ T cell compartment

(Waggoner et al., 2011). To explore the potential of trNK cell lysis

mediated by adaptive lymphocytes within the liver microenviron-

ment, Rag1�/� mice were infected with MCMV for 36 h. We

found that the trNK cell kinetics in infected Rag1�/� mice were

comparable with C57BL/6 mice, ruling out a role of T cells and

B cells in trNK cell apoptosis (Figure S2I). We next investigated

whether trNK cell lysis was mediated by cNK cells. We tested

this indirectly, following adoptive transfer of trNK cells into

Rag2�/�IL-2Rg�/� mice. In the recipient mice, the only lympho-

cytes present were the transferred trNK cells. The recipient mice

were allowed to reconstitute for 6 days before MCMV infection.

On day 1.5 post-infection, we found that liver trNK cells also con-
4 Cell Reports 32, 107855, July 7, 2020
tracted, as indicated by total cell number (Figure S2J). Taken

together, we can conclude that liver trNK cell disappearance is

not caused by apoptosis induced by other lymphocytes.

trNK Apoptosis Is the Consequence of a Higher
Sensitivity to Lactic Acid
Inflammation results in increased release of lactate (Haas et al.,

2015). In humans, lactate is a metabolite of glycolysis, which

can blunt tumor immunosurveillance by T and NK cells because

of increased apoptosis. This cell death occurs as a result of

impaired mitochondrial function (Harmon et al., 2019). Because

MCMV infection leads to liver inflammation, we first measured

lactate levels in the liver on day 1.5 after infection. We found

that MCMV-induced liver inflammation resulted in an increased

level of lactate (Figure 4A). We then measured liver levels of

lactate dehydrogenase (LDH), which mediates bidirectional con-

version of pyruvate and lactate, using qRT-PCR analysis of

global liver LDH RNA transcripts. LDH is composed of two

different subunits, LDHA and LDHB. LDHA catabolizes pyruvate

to lactate, whereas LDHB converts lactate to pyruvate (Doherty

and Cleveland, 2013). In agreement with the observed lactate in-

crease, we found elevated LDHA levels and, conversely,

reduced LDHB levels (Figure 4B). Interestingly, RNA sequencing

(RNA-seq) analysis of sorted trNK cells shows that they appear

to increase their endogenous LDHB after infection (Figure S3B),

possibly to cope with the elevated lactate levels.

We then compared the sensitivity of liver cNK cells and trNK

cells with increased doses of lactate in vitro. We found that

lactate preferentially induced apoptosis of trNK cells (Figure 4C).

Importantly, acidification alone cannot account for the observed

effect because a similar pH level attained with HCl (hydrochloric

acid) addition did not increase apoptosis (Figure S3A). These

data indicate that MCMV-induced lactate levels in the liver differ-

entially affect trNK and cNK cell apoptosis. Interestingly, analysis

of the RNA-seq data (Quatrini et al., 2018; Robinette et al., 2015),

comparing liver trNK cells and cNK cells at steady state and

following MCMV infection, reveals expression differences in

mitochondrial function, apoptosis, and reactive oxygen species

(ROS) production pathways, which are all linked to lactate meta-

bolism (Figure S3B). Notably, mitochondrial carbonic anhydrase

5b (Car5b) is expressed approximately 16-fold more in liver cNK

cells than trNK cells (Figures S3B and S3C), suggesting that

mitochondrial CO2 conversion is impaired in trNK cells. In sup-

port of this hypothesis, using MitoTracker, we found that mito-

chondrial membrane potential is lower in liver trNK cells than in

cNK cell counterparts at steady state and on day 1 post-infec-

tion. This trend is maintained even on day 14, when infection is

cleared from the liver (Figures 4D and 4E). Overall, the data

demonstrate that the trNK cell rapid contraction phase is linked

to impaired mitochondrial function, which leads to a higher

sensitivity to lactate.

DISCUSSION

Because of the relatively recent characterization of liver trNK

cells, their exact roles have not been clearly defined. Some

studies have shown evidence of a protective role during viral

infection, whereas others have demonstrated a regulatory role



Figure 4. trNKApoptosis Is theConsequence of Higher Sensitivity to

Lactic Acid

(A) Liver lactate levels 36 h post-MCMV infection (n = 12–13).

(B) LDH RNA transcript expression at steady state and on day 1.5 post-MCMV

infection (representative of two experiments, n = 5).

(C) Frequency of Annexin V+ liver cNK (gray) and trNK (red) cells following 4-h

incubation at the indicated concentrations of lactic acid (n = 9).

(D) Frequency of MitoTracker-positive liver cNK (gray) and trNK (red) cells at

steady state and on days 1 and 14 post-MCMV infection (n = 7).

(E) Representative gating of MitoTracker+ frequencies on liver cNK (gray) and

trNK (red) cells.

Data are representative of (E) or pooled from 2–3 experiments (A–D); error bars

indicate SEM. *p < 0.05, **p < 0.01,***p < 0.001, and ****p < 0.0001.
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of these cells (Li et al., 2017; Weizman et al., 2017; Zhou et al.,

2019). Early reports have also shown that liver trNK cells develop

a memory-like phenotype in response to skin contact hypersen-

sitivity (O’Leary et al., 2006; Paust et al., 2010). Approximately 15

years ago, our lab characterized the liver NK cell kinetic

response during MCMV infection (Robbins et al., 2004). Here

we revisited these findings using markers that allowed us to

distinguish trNK cells from cNK cells. We found an unexpected

kinetic response of hepatic trNK cells following activation from

viral challenge or stimulation. Liver trNK cells rapidly contract

in number and frequency via apoptosis because of inflammatory

stimuli. Because these cells rarely migrate to other tissues (Sojka

et al., 2014; Figure 2A), it is likely that they are replenished from

cells that survived in situ, which is supported by the active prolif-

eration observed (Figures 2B and 2C). We initially thought that

fratricide was the cause of the trNK cell contraction, as reported

by others for cNK cells (Madera et al., 2016). However, using a
variety of immunodeficient animals, we ruled out this pathway.

We then reasoned that MCMV-induced inflammatory cytokines

were specifically affecting liver trNK cells. Unexpectedly,

contraction of the trNK cell compartment was also observed in

mice that are conditionally deficient for the main inflammatory

cytokine receptors (IL-12R, IFNAR, IL-18R, and IL-1R) in the

NK cell lineage. Instead, our data imply that inflammation indi-

rectly targets liver trNK cells through an increase in lactate con-

centration, caused by the higher sensitivity of trNK cells to

lactate compared with their cNK counterparts. Our data also

show that lactate accumulation may occur with many different

insults to the liver, resulting in an early contraction phase of the

trNK cell subset. Together with a recent study (Harmon et al.,

2019), our work suggests that the increased susceptibility of

trNK cells to lactate is due to their impaired mitochondrial func-

tion. In agreement with these findings, the RNA-seq data sug-

gest that mitochondrial CO2 production is impaired in trNK cells,

which would lead to a greater sensitivity to acidic changes.

Importantly, Car5b expression is strongly reduced in trNK cells

(Figure S3B). Mitochondrial carbonic anhydrases are required

to convert CO2 to bicarbonate, which is necessary to provide

resistance to pH changes in the acidic and basic directions

(Shah et al., 2013). Understanding the role of mitochondrial car-

bonic anhydrases in trNK cells warrants further inquiry. Another

important question is the lactate source. Although it is beyond

the scope of this manuscript, it is clear that B cell and T cell

lymphocyte lactate production is dispensable because trNK

cells still undergo apoptosis in RAG-1-deficient mice. Notably,

the lactate transporters MTC1 and MTC4 are poorly expressed

in liver trNK cell and cNK cells, as reported by the Immunological

Genome Project (http://www.immgen.org/), suggesting that

these cells are not equipped to deal with lactate excess.

Regarding effector functions, it has been reported that trNK

cells produce IFN-g before cNK cells during MCMV infection

and confer early host protection (Weizman et al., 2017). Our

data confirm that trNK cell IFN-g production precedes cNK

cell IFN-g production during MCMV infection. However, we

found that the main IFN-g producers are cNK cells. Differences

observed with a previous study could be due to the route of

infection: intraperitoneal (this study) versus hydrodynamic

(Weizman et al., 2017). The high sensitivity of liver trNK cells

to initial stimuli suggests that their activation is tightly regu-

lated. Overactivation of the NK cell compartment may be bene-

ficial in controlling pathogens and tumor development but

may also induce hepatocellular damage and inhibit liver

regeneration.

Collectively, the data presented here illustrate that hepatic

trNK cells have distinctive properties and functions, which differ

from thewell-studied cNK cell population. Given the parallels be-

tween human and murine trNK cells, therapeutic agents capable

of modulating the functions of liver trNK cells and reducing

lactate levels during disease may help retain hepatic trNK cell

function, affecting many different areas of disease research.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
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APC anti-mouse CD11b Thermo Fischer Scientific Cat#: 17-1031-80; RRID: AB_1106993

APC-eF780 anti-mouse CD45 Thermo Fischer Scientific Cat#: 47-0451-82; RRID: AB_1548781

APC-eF780 anti-mouse CD45.1 Thermo Fischer Scientific Cat#: 47-0453-82; RRID: AB_1582228

APC-eF780 anti-mouse CD45.2 Thermo Fischer Scientific Cat#: 47-0454-82; RRID: AB_1272175

BV510 anti-mouse TCRb BioLegend Cat#: 109234; RRID: AB_2562350

BV570 anti-mouse CD45 BioLegend Cat#: 103136; RRID: AB_2562612

BV605 anti-mouse CD3 BioLegend Cat#: 564009; RRID: AB_2732063

BV711 anti-mouse CD49a BioLegend Cat#: 564863; RRID: AB_2738987

BV785 anti-mouse NK1.1 BioLegend Cat#: 108749; RRID: AB_2564304

eF450 anti-mouse CD3 Thermo Fisher Scientific Cat#: 48-0032-82; RRID: AB_1272193

eF450 anti-mouse DX5 Thermo Fisher Scientific Cat#: 48-5971-82; RRID: AB_10671541

eF450 anti-mouse IFN-g Thermo Fischer Scientific Cat#: 48-7311-82; RRID: AB_1834366

FITC anti-mouse Annexin V BioLegend Cat#: 640906

FITC anti-mouse CD27 Thermo Fischer Scientific Cat#:11-0271-82; RRID: AB_465001

FITC anti-mouse TCRb BioLegend Cat#:109206; RRID: AB_313429

PE anti-mouse CD49a BioLegend Cat#:142604; RRID: AB_10945158

PE anti-mouse IFN-g Thermo Fischer Scientific Cat#: 12-7311-82; RRID: AB_466193

PE anti-mouse TRAIL Thermo Fischer Scientific Cat#: 12-5951-81; RRID: AB_466056

PE-Cy7 anti-mouse IFN-g Thermo Fischer Scientific Cat#: 25-7311-82; RRID: AB_469680

PE-Cy7 anti-mouse KLRG1 Thermo Fischer Scientific Cat#: 25-5893-82; RRID: AB_1518768

PerCP-Cy5.5 anti-mouse NK1.1 BD Biosciences Cat#: 45-5941-82; RRID: AB_914361

PerCP-Cy5.5 anti-mouse TCRb BioLegend Cat#: 109228; RRID: AB_1575173

PerCP-eF710 anti-mouse/rat/human CD27 Thermo Fischer Scientific Cat#: 46-0271-80; RRID: AB_1834448

Purified anti-mouse CD16/CD32 (Fc block, 2.4G2) In-house produced N/A

Purified anti-mouse IFN-g Bio X Cell Cat#: BE0312; RRID: AB_2736992

Purified anti-mouse IgG Isotype Control Bio X Cell Cat#: BE0091; RRID: AB_1107773

Virus Strains

MCMV-RVG102 In-house produced Henry et al., 2000

Chemicals, Peptides, and Recombinant Proteins

Ammonium chloride Fisher Scientific Cat# A661-500

Brilliant Stain Buffer BD Biosciences Cat#: 563794

CPG ODN 1826 InvivoGen Cat#: tlrl-modn

Fixation and Permeabilization Solution BD Biosciences Cat#: 554722

Fixation/Permeabilization Concentrate eBioscience Cat#: 00-5123-43

Fixation/Permeabilization Diluent eBioscience Cat#: 00-5223-56

Heparin sodium salt Sigma-Aldrich Cat#: H3393-500KU

Percoll GE Healthcare Cat#: 17-0891-01

Permeabilization Buffer (10X) eBioscience Cat#: 00-8333-56

Perm/Wash Buffer BD Biosciences Cat#: 554723

Annexin V Binding Buffer (10X) BD Biosciences Cat#: 556454

Polyinosinic–polycytidylic acid potassium salt

(Poly(I:C))

Sigma-Aldrich Cat#: P9582-50MG

(Continued on next page)
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UltraComp eBeads, Compensation Beads Invitrogen Cat#: 01-2222-42

L-(+)- Lactic acid solution Millipore Sigma Cat#: L1875-100ML

Critical Commercial Assays

RNeasy Plus Mini Kit (50) QIAGEN Cat#: 74134

iScript Reverse Transcription Supermix BIORAD Cat#: 1708840

Cell Proliferation Dye, eF450 eBioscience Cat#: 65-0842-85

DNeasy Blood and Tissue Kit QIAGEN Cat#: 69506

Lactate Assay Kit Millipore Sigma Cat#: MAK064-1KT

Amicon Ultra – 0.5mL centrifugal filter units Millipore Sigma Cat#: UFC501096

Experimental Models: Mouse Strains

B6.SJL Taconic Cat#: 4007

B6.SJL Jackson Cat#: 002014

C57BL/6 Jackson Cat#: 000664

C57BL/6 Taconic Cat#: B6

Myd88fl/fl/ Jackson Cat#: 008888

IL-12Rb2fl/fl In House N/A

IFNAR1fl/fl Jackson Cat#: 028256

NCRgfp/gfp Jackson Cat#: 022739

RAG1�/� Jackson Cat#: 002216

Rag2�/�IL-2Rg�/� Taconic Cat#: 4111

Oligonucleotides

Ldha Forward: 50-TATCTTAATGAAGGACTTGGCGGA

TGAG-30
IDT Brand et al., 2016

Ldha Reverse: 50-
GGAGTTCGCAGTTACACAGTAGTC-30

IDT Brand et al., 2016

Ldhb Forward: 50-TTGTGGCCGATAAAGATTACTCTG

TGAC-30
IDT Brand et al., 2016

Ldhb Reverse:50-
AGGAATGATGAACTTGAACACGTTGA �30

IDT Brand et al., 2016

18S Forward: 50-ACCGATTGGATGGTTTAGTGAG-30 IDT Brand et al., 2016

18S Reverse: 5 -CCTACGGAAACCTTGTTACGAC-30 IDT Brand et al., 2016

Software and Algorithms

CFX Maestro Bio-Rad N/A

FlowJo, v10 FlowJo, LLC (Tree Star, Inc.) https://www.flowjo.com

Prism 7.0 GraphPad Software https://www.graphpad.com

Other

BD FACSAria III BD Biosciences N/A

CFX384 Real-Time System Bio-Rad N/A

gentleMACS Miltenyi Biotec N/A

MACSQuant Miltenyi Biotec N/A

Synergy HT BioTek N/A

NanoDrop 2000/2000c ThermoFisher N/A
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Lead Contact
Requests for information and reagents can be obtained from the lead contact, Laurent Brossay (Laurent_brossay@brown.edu).
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Materials Availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 and B6.SJL mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and Taconic Biosciences (Germantown,

NY), respectively. Rag2�/�IL-2Rg�/� mice were purchased from Taconic Biosciences and maintained in-house. Rag1�/�,
B6;129P2(SJL)-Myd88tm1Defr/J (Myd88fl/fl), B6;129-NCR1tm10man/J (NCR1gfp), and B6(Cg)-Ifnar1tm1.1Ees/J (Ifnar1fl/fl) mice were pur-

chased from The Jackson Laboratory. IL-12Rb2fl/fl mice were generated at the Brown University Transgenic Facility. Both age-

and sex-matched mice (6 �14 weeks) were used for this study. All experimental procedures were approved by the Institutional

Animal Care and Use Committee (IACUC) of Brown University, and were conducted in accordance with institutional guidelines for

animal care. All mice were maintained at Brown University in AAALAC-accredited, pathogen-free facilities.

Generation of IL-12Rb2fl/fl mice
IL-12Rb2fl/fl mice were generated at the Brown University Transgenic Facility using a PG00231_Z_3_B02 plasmid construct pur-

chased from the Knockout Mouse Project (KOMP) Repository. Following linearization of the plasmid with AsiS1 enzyme, the plasmid

was electroporated in C57BL/6 embryonic stem cells (ES cells). ES cells were selected for homologous recombination by Southern

blot and long-range PCR. Selected ES cells were microinjected into albino C57BL/6 blastocysts at the Brown University Mouse

Transgenic andGene Targeting Facility. Chimeric offspring were genotyped for the presence of the IL-12Rb2 transgene by amplifying

the neomycin probe. Founder mice were then crossed to ACTB:FLPe B6Jmice (Jackson Labs, #005703) to delete the FRT-Neo-FRT

cassette. Genotyping of IL-12Rb2-floxed mice was performed using primers with amplicons of a nucleotide product from the wild-

type allele and a nucleotide product from the targeted allele. Successful deletion of the neomycin cassette was also confirmed by

PCR.

Mouse infection and treatments
Mice were infected intraperitoneally (i.p.) with 5 3 104 plaque forming units (PFU) of MCMV-RVG102. MCMV-RVG102 stocks were

grown in vivo and isolated from salivary glands, as previously described (Anderson et al., 2019). Mice were treated i.p. with 2 mg

a-Galactosylceramine (a-GalCer) or 100 mg of Poly (I:C) and 50 mg CpG oligodeoxynuleotides.

METHOD DETAILS

Isolation of murine lymphocytes
Mice were sacrificed by cervical dislocation and cardiac puncture following isoflurane treatment. Livers were perfused with 1%PBS-

serum prior to removal. Hepatic lymphocytes were obtained by homogenizing with the E.01 program on a GentleMACS (Miltenyi

Biotec), and filtered through nylon mesh. Samples were washed three times in 1% PBS-serum and overlayed on a two-step discon-

tinuous Percoll gradient (GE Healthcare Bio-Sciences). Lymphocytes were harvested from the gradient interface andwashed once in

1% PBS-serum.

Reagents, Abs, and flow cytometry analysis
Samples were resuspended in 1% PBS-serum and labeled with mAbs for 20 minutes on ice, in the dark. For intracellular staining of

cytokines, cells were first surface stained, followed by fixation and permeabilization with cytofix/cytoperm and 1X PermWash (BD

Biosciences). For intranuclear staining, cells were surface stained, then fixed and permeabilized using the FoxP3 transcription factor

staining buffer set (Invitrogen). Apoptosis was evaluated by staining lymphocytes with Annexin V+ antibody in Annexin V binding

buffer for 15 minutes at room temperature, in the dark. Additionally, apoptosis was evaluated via caspase activity using FAM-FLICA

Poly Caspase Assay kit (ImmunoChemistry Technologies) according to themanufacturer’s protocol. For mitochondrial staining, lym-

phocytes were stained with MitoTracker Green (Invitrogen) for 30 minutes in accordance with manufacture recommendations.

Events were collected on a FACSAria III (BD), and data were analyzed using FlowJo (FlowJo, LLC).

Adoptive transfer of NK cells
Under sterile conditions, NK cells were sorted from the liver of B6.SJL (CD45.1+) congenic mice. A FACSAria III cell sorter (BD) was

used to purify hepatic cNK cells (NK1.1+ CD3- TCRb- DX5+ CD49a-) and trNK cells (NK1.1+ CD3- TCRb- DX5- CD49a+). Donor cells

were intravenously injected into recipient Rag2�/�IL-2Rg�/� or C57BL/6 (CD45.2+) mice. Recipient mice were sacrificed for

experiments at indicated days post-injection.
e3 Cell Reports 32, 107855, July 7, 2020
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In vivo proliferation analysis
Under sterile conditions, hepatic lymphocytes from naive B6.SJL (CD45.1+) mice were labeled for 10 minutes at 37�C, in the dark,

with 10 mMeFluor 450Cell Proliferation Dye (eBioscience) in PBS. Cells were subsequently stainedwith specificmAbs and adoptively

transferred into Rag2�/�IL-2Rg�/� mice. Proliferation of specific NK cell subsets was analyzed in recipient livers on day 4 post-

injection.

In vitro lactic acid incubation
Hepatic lymphocytes were incubated in RPMI media (GE LifeSciences) with indicated concentrations of L-Lactic Acid (Sigma-Al-

drich) for 4 hours at 37�C.

Quantitative real-time PCR (qRT-PCR)
Mouse liver tissue was homogenized using Buffer RLT Plus (QIAGEN) according tomanufacturer recommendations. Isolation of RNA

was performed using the RNeasy Plus Mini Kit (QIAGEN). RNA was then quantified and analyzed for integrity using NanoDrop 2000/

2000c (ThermoFisher). Complimentary DNAwas synthesized using a iSCRIPT reverse transcription supermix (Bio-Rad) and amplified

using iTaq Universal SYBR Green Supermix (Bio-Rad).

Lactate measurements
Livers were homogenized with the E.01 program on a GentleMACS (Miltenyi Biotec). Samples were spun down, and the supernatant

was collected and filtered through Amicon Ultra – 0.5mL centrifugal filter units (Millipore-Sigma). Lactate measurements were ac-

quired using a Lactate Assay kit (Sigma-Aldrich) and read using a Synergy HT (BioTek) plate reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were achieved with Prism Version 7.0 (GraphPad Software). Unpaired two-tailed Student t tests were used to

compare cell populations from different mice. Differences considered significant when p < 0.05 (*), very significant when p < 0.01 (**),

highly significant when p < 0.001 (***), and extremely significant when p < 0.0001 (****).
Cell Reports 32, 107855, July 7, 2020 e4
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