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SUMMARY

Liver tissue-resident memory T (Trm) cells migrate
throughout the sinusoids and are capable of protect-
ing against malaria sporozoite challenge. To gain an
understanding of liver Trm cell development, we
examined various conditions for their formation.
Although liver Trm cells were found in naive mice,
their presence was dictated by antigen specificity
and required IL-15. Liver Trm cells also formed after
adoptive transfer of in vitro-activated but not naive
CD8+ T cells, indicating that activation was essential
but that antigen presentation within the liver was not
obligatory. These Trm cells patrolled the liver sinu-
soids with a half-life of 36 days and occupied a large
niche that could be added to sequentially without ef-
fect on subsequent Trm cell cohorts. Together, our
findings indicate that liver Trm cells form as a normal
consequence of CD8+ T cell activation during essen-
tially any infection but that inflammatory and anti-
genic signals preferentially tailor their development.
INTRODUCTION

Tissue-resident memory T cells are a recently described popula-

tion of cells that are crucial for defense against pathogens at the

site of infection (Schenkel and Masopust, 2014). As their name

suggests, these cells do not recirculate like their effector mem-

ory T (Tem) and central memory T (Tcm) cell counterparts but,

instead, remain localized within specific tissues (Jiang et al.,

2012; Klonowski et al., 2004). This is in part due to their reduced

expression of the sphingosine 1 phosphate (S1P) receptor
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(Mackay et al., 2015) and CCR7 (Wakim et al., 2012), both of

which enable cells to migrate out of peripheral tissues into drain-

ing lymph nodes. Trm cells found in all tissues typically express

the early activation marker CD69 and often CD103, but these

markers do not precisely define Trm cells (Steinert et al., 2015).

Regardless of their surface profiles, Trm cells found in all tissues

express a core gene signature associated with residency,

including the expression of Hobit, Ctla4, Cdh1, Cdh2, Cd244,

and Xcl1 (Mackay et al., 2013). Protection mediated by Trm cells

has been associated with the production of cytokines, such as

interferon-g (IFN-g) and tumor necrosis factor a (TNF-a), as

well as markers of cytotoxicity, such as granzyme B and

CD107a (Fernandez-Ruiz et al., 2016), indicating that these cells

are poised to respond to immediate threats.

We have recently identified a population of Trm cells within the

liver that are critical for protection from Plasmodium infection

(malaria) (Fernandez-Ruiz et al., 2016). Large numbers of

Trm cells were found in the liver after vaccination with radia-

tion-attenuated sporozoites (RAS) or after a prime-and-trap

vaccination approach, which utilizes priming with antigen tar-

geted to Clec9A on conventional type 1 dendritic cells (cDC1s)

combined with ‘‘trapping’’ of Trm cells in the liver upon recogni-

tion of hepatocyte-expressed antigen encoded by an adeno-

associated viral vector. Trm cells generated by these vaccination

strategies expressed high levels of the surface markers CD69,

CXCR6, CXCR3, and CD101, but lacked expression of CD62L

and KLRG1. Moreover, these Trm cells patrolled the liver

sinusoids using a crawling motion that enabled scanning of

hepatocytes for cognate antigen. The location of liver Trm cells

in the sinusoids, which represent part of the blood stream,

distinguishes these cells from most other Trm cells, which are

found within parenchyma of peripheral tissues. Although both

RAS vaccination and prime-and-trap vaccination provided

protection against malaria, depletion of liver Trm cells from
commons.org/licenses/by/4.0/).
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vaccinated mice by anti-CXCR3 antibody treatment abrogated

protection, indicating an essential role of liver Trm cells in

vaccine-mediated protection (Fernandez-Ruiz et al., 2016).

We and others have focused on the requirements for gener-

ating Trm cells so that maximum numbers can be formed,

thereby enhancing immunity. In this study, we investigated the

‘‘spontaneous’’ formation of liver Trm cells in naive mice as

well as the role of T cell activation in the establishment of liver

Trm cell populations. We also investigated the size of the Trm

cell niche in the liver by successively transferring different

T cell populations intravenously to seed the liver. Our results

show that we can expand the Trm cell population in the liver

over 10-fold without altering the number of endogenous Trm

cells. Combined, these data show that liver Trm cells develop

naturally during the course of an immune response following

T cell receptor (TCR) stimulation but that their numbers can be

enhanced by liver infection or inflammation.

RESULTS

Liver Trm Cells Depend on Specific Antigen Recognition
for Their Formation
As we previously reported (Fernandez-Ruiz et al., 2016), Trm

cells (CD44highCD62L�CD69+) can be identified in the livers

of naive B6 mice (Figures 1A and 1C), raising the question

of whether this memory population forms spontaneously or

requires antigenic stimulation. To begin to address this question,

we tested for the presence of Trm cells in the livers of naive TCR

transgenic mice that had not been exposed to their specific

antigen. PbT-I TCR transgenic mice, which express the Va8.3+

Vb10+ TCR specific for a Kb-restricted malaria antigen (Lau

et al., 2014), were shown to contain both naive (CD44low) and

memory (CD44high) CD8+ T cell populations in their spleens

and livers, with significant numbers of Trm cells in the liver (Fig-

ures 1A–1C). Such liver Trm cells in PbT-I transgenic mice

expressed the Va and Vb chains of the transgenic TCR, as did

similar Trm cell populations in several other TCR transgenic lines

(i.e., OT-I, gBT-I, and P14), although the frequency and number

of these cells varied between lines (Figure S1). This supported

the possibility that liver Trm cells were able to form in the

absence of antigenic stimulation, although the potential for

activation through co-expressed recombined endogenous

TCR in these lines hampered this conclusion. It was also noted

that small numbers of T cells found in the spleen were detected
Figure 1. Trm Cells Form Spontaneously in Inbred and TCR Transgeni
(A) Flow cytometry plots of CD44high memory CD8+ T cells from the liver and spl

(B and C) Total numbers (mean ± SEM are shown) of naive (CD44low) and m

(CD44highCD62L�CD69�], and Trm cells [CD44highCD62L�CD69+]) in the spleen (B

experiments using a total of 8 mice. See also Figure S1.

(D) Plzf expression in CD1d-aGal-Cer tetramer+ NKT cells from B6 mice (dashed

(E) Number of B6 and PbT-I mice protected from infection after challenge with 200

a total of 9–10 mice per group.

(F) Histogram of CD44 expression on total splenic CD8+ T cells from Des-TCR (t

(G) Flow cytometry plots showing expression of CD69 and CD62L on CD44high me

(H and I) Total numbers (mean ± SEM are shown) of naive (CD44low) andmemory C

Results displayed are from 2 independent experiments using a total of 6–10 mic

Groups were compared using Student’s t test (B and C) or Mann-Whitney tes

****p < 0.0001.
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as CD44highCD62L�CD69+ (Figures 1A and 1B). Although

splenic Trm cells have been reported previously (Schenkel

et al., 2014), it was unclear whether the small population

detected here were legitimate splenic Trm cells or simply

background staining artifacts. Because these cells were not

the focus of our study, we will cautiously refer to them as splenic

Trm cells for the remainder of the paper but acknowledge that

this is not definitive.

One trivial explanation for the presence of cells with a liver

Trm cell phenotype (CD44highCD62L�CD69+) in PbT-I mice

(and other TCR transgenic lines) was that these cells were

related to liver-resident natural killer T (NKT) cells, mucosal

associated invariant T (MAIT) cells, or other unconventional

T cells that had been forced to express the transgenic TCR.

However, this did not appear to be the case because Trm

cells found in PbT-I mice lacked expression of the transcription

factor promyelocytic leukemia zinc finger (PLZF) (Figure 1D),

confirming that they were different from NKT cells and MAIT

cells.

Consistent with the presence of legitimate liver Trm cells in

naive PbT-I mice, these mice were resistant to infection by

P. berghei sporozoites (Figure 1E), which has been shown to

depend on liver Trm cells (Fernandez-Ruiz et al., 2016).

Identification of bona fide liver Trm cells in PbT-I TCR trans-

genic mice raised the unlikely possibility that these cells

formed spontaneously from a naive repertoire. An alternative

explanation, however, was that their formation depended on

co-expression of endogenously rearranged TCRs that enabled

antigen-mediated activation and/or recruitment to the liver. To

explore this possibility, we examined liver Trm cell formation in

a second TCR transgenic mouse line, Des-TCR, which was

specific for allogeneic Kb. These mice were available as either

RAG-1-sufficient (termed Des-TCR) or RAG-1-deficient (termed

Des-RAG), with the latter unable to rearrange endogenous

receptors. Analysis of the spleens of these mice revealed that

RAG-1-deficient mice contained very few CD44high memory

T cells (Figures 1F–1H). Examination of memory T cell popula-

tions within the liver showed that Trm cells were only present

in Des-TCR mice when endogenous receptor rearrangement

was enabled (Figures 1G and 1I). A requirement for endogenous

receptor rearrangement implied that antigen-specific responses

to environmental antigens were required for formation of liver

Trm cells, arguing against their spontaneous formation from

naive T cells.
c Mice
een of naive B6 or PbT-I mice showing expression of CD62L and CD69.

emory CD8+ T cell subsets (Tcm cells [CD44highCD62L+CD69�], Tem cells

) and liver (C) of B6 and PbT-I mice. Results displayed are from 2 independent

line), and liver Trm cells from B6 (shaded) and PbT-I (solid line) mice.

PbA sporozoites. Results displayed are from 2 independent experiments using

hin line) and Des-RAG (thick line) mice.

mory CD8+ T cells in the liver and spleen of naive Des-TCR and Des-RAGmice.

D8+ T cell subsets in the spleen (H) and liver (I) of Des-TCR and Des-RAGmice.

e.

ts (H and I). p < 0.05 was considered significant. **p < 0.01, ***p < 0.001,



Figure 2. Trm Cells Depend on IL-15 and Form Spontaneously from Activated T Cells

(A) Naive B6, IFNAR2�/�, TNF�/�, Sting�/�, IFN-g�/�, IL-15�/�, and Stat6�/� mice were assessed for the number of endogenous Trm cells (CD8+CD44high

CD62L�CD69+) in the liver. Results are pooled frommultiple independent experiments with at least 2 experiments per knockout mouse line, using at least 3 mice

per experiment. Symbols show individual mice, together with bars indicating mean ± SEM. Knockout mouse lines were compared with B6 mice using a Kruskal-

Wallis test and Dunn’s multiple comparison post-test. p < 0.05 was considered significant.

(B–E) 5million in vitro-activated (B–E) or naive (D and E) OT-I.Ly5.1 cells were transferred into naive B6mice. Livers (B–D) and spleens (B, C, and E) were harvested

2 weeks later, and the percentage (C) and number of naive and memory T cells (D and E) were assessed as in Figure 1. Results displayed are from 2 independent

experiments using a total of 10 mice and show mean ± SEM. See also Figure S2.

(F) 20 million in vitro-activated OT-I.Ly5.1 cells were transferred into naive B6 or IL-15�/� mice. Livers were harvested 2 weeks later, and the number of memory

T cells was assessed as in Figure 1. Symbols show individual mice, together with bars indicating mean ± SEM. Results displayed are from 2 independent

experiments using a total of 8 mice. Groups were compared using an unpaired t test. p < 0.05 was considered significant.

*p < 0.05, ****p < 0.0001.
Liver Trm Cells Depend on IL-15
To explore the requirements for environmental antigen-triggered

liver Trm cell formation in normal B6 mice, we screened various

gene knockout mice for factors potentially important in liver Trm

cell homeostasis. This analysis identified interleukin-15 (IL-15) as

essential for the presence of liver Trm cells and also showed a

minor effect of IFN-g (Figure 2A). Cytokines such as tumor

necrosis factor (TNF) and type I IFN had no significant effect

on Trm cell formation, and lack of an effect in Stat6-deficient

mice also implied that IL-4 signaling was not essential. These
data suggested that endogenous liver Trm cells possessed a

typical memory CD8+ T cell requirement for IL-15 but did not

exclude a role for this cytokine in their development. Their

requirement for IL-15 is explored further below.

Formation of Liver Trm Cells Occurs Constitutively from
Activated T Cells
Although antigen recognition appeared to be essential for consti-

tutive formation of liver Trm cells, it was unclear whether this was

simply required to activate T cells or as an antigen recognition
Cell Reports 25, 68–79, October 2, 2018 71



step within the liver. To address this issue, we asked whether

in vitro-activated TCR transgenic T cells could form liver Trm

cells independent of antigen recognition within the liver. Ly5.1+

ovalbumin (OVA)-specific TCR transgenic MHC I-restricted

(OT-I) CD8+ T cells (RAG-sufficient background) were activated

with peptide in vitro and then transferred into naive B6 mice to

assess liver Trm cell formation. After 2 weeks, livers and spleens

were removed and examined for the presence of memory OT-I

T cells based on expression of Ly5.1, CD44, CD62L, and CD69

(Figure 2B). This revealed formation of OT-I Trm cells

(CD44highCD62L�CD69+) in the livers of recipient mice, with

the spleen containing predominantly Tem cells

(CD44highCD62L�CD69�) and Tcm cells (CD44+CD62L+CD69�)
(Figures 2B-E). By contrast, transferring naive OT-I T cells into

naive B6 mice did not result in the formation of significant

numbers of Trm cells. In fact, very few cells could be found in

either the liver or spleen 2 weeks after this transfer (Figures 2D

and 2E).

Our in vitro cultures used peptide, lipopolysaccharide (LPS),

and IL-2 to generate large numbers of rapidly proliferating

activated T cells for transfer. To test whether Trm cells could

be generated in the absence of LPS and IL-2, we compared

various activation conditions (Figure S2). OT-I T cells were acti-

vated under either neutral conditions (peptide alone or peptide +

IL-15) or more inflammatory conditions (LPS with either IL-2 or

IL-15). Liver Trm could be generated under all conditions, with

the highest proportion generated by peptide alone (Figure S2A).

Absolute Trm numbers, however, were highest in the livers of

recipient mice receiving OT-I T cells activated in the presence

of LPS (Figure S2B), as were total OT-I cell numbers in the spleen

(Figure S2C). Thus, liver Trm cells formed irrespective of

activation conditions, although the conditions that generated

the most circulating memory cells also generated the largest

number of liver Trm cells.

The ability to generate liver Trm cells from adoptively trans-

ferred in vitro-activated T cells allowed us to further explore

the role of IL-15 in generating liver Trm cells. To assess this point,

in vitro-activated OT-I cells were transferred into B6 or IL-15

knockout mice, and then liver Trm cell formation was measured

2 weeks later (Figure 2F). This showed that liver Trm cell

formation was highly dependent on IL-15.

Combined, these findings suggested that liver Trm cells

formed naturally from activated T cells in the presence of IL-15

and that neither antigen presentation in the liver nor inflammation

of this tissue were essential for their formation.

Trm Cells Derived from In Vitro-Activated T Cells Patrol
the Liver Sinusoids
To determine whether liver Trm cells derived from in vitro-

activated T cells patrolled the liver sinusoids in a manner typical

of previously reported liver Trm cells (Fernandez-Ruiz et al.,

2016), mice ubiquitously expressing TdTomato were adoptively

transferred with activated GFP-expressing OT-I cells and then,

after several weeks, their livers were imaged, and cell migration

was assessed (Figure 3A; Video S1). OT-I T cells within the

liver showed a mean velocity of 8 mm/min (Figure 3B) and

appeared to migrate within the liver sinusoids (Figure 3C). There

was a mix of migration phenotypes, with about a quarter of
72 Cell Reports 25, 68–79, October 2, 2018
the cells displaying the typical patrolling activity of liver Trm

cells (Fernandez-Ruiz et al., 2016). The remaining OT-I

T cells were non-patrolling, either rapidly flowing through the

sinusoids or static, the latter suggesting temporary trapping

within the tight confines of these narrow blood vessels (Fig-

ure 3D). The proportion of patrolling cells was similar to the pro-

portion of Trm cells detected by flow cytometry in equivalent

mice (Figures 2B and 2C). Because liver Trm cells have been

shown to be essential for protection against sporozoite infection

(Fernandez-Ruiz et al., 2016), we assessed whether memory

OT-I cells formed by in vitro activation could provide such pro-

tection. To achieve this goal, mice containing liver Trm cells,

derived from adoptive transfer of activated OT-I cells 3 weeks

earlier, were challenged with live OVA-expressing Plasmodium

berghei ANKA (PbA) sporozoites, and protection was assessed

(Figure 3E). Complete protection against sporozoite challenge

suggested that liver Trm cells formed after adoptive transfer

were functional.

Lifespan and Limited Niche Competition by Liver Trm
Cells
To determine the lifespan of liver Trm cells, 5 3 106 activated

OT-I T cells were adoptively transferred into B6 mice and then

left 14 to 100 days before harvesting livers and assessing Trm

cell numbers. By plotting Trm cell number on a log scale and

fitting a straight line to the data, we calculated a half-life of

approximately 36 days, with a 95% confidence interval of

24–59 days (Figure 4A).

In earlier studies (Fernandez-Ruiz et al., 2016), we had

measured Trm cell numbers generated by adoptively transferred

malaria-specific PbT-I T cells at various times after vaccination

with RAS. Although data points were relatively limited,

cautioning over-interpretation, plotting these numbers on the

same log scale revealed a similar decay rate of 28 days with a

95% confidence interval of 15–61 days (Figure 4A).

To gain an understanding of the nature of the liver Trm cell

niche, we examined whether consecutive administration of

activated T cells (and their subsequent formation of liver Trm

cells) would enable seeding of increased numbers of liver Trm

cells or whether the newly forming liver Trm cells would

displace preexisting resident memory cells. To explore this

question, 5 3 106 activated T cells were consecutively adminis-

tered from three different TCR transgenic donors; i.e., OT-I,

gBT-I, and P14, which recognize respective peptides from

OVA, Herpes simplex virus type 1 (HSV) glycoprotein B, and

lymphocytic choriomeningitis virus (LCMV) glycoprotein. Cells

from each line were activated in vitro and then consecutively

transferred into B6 hosts at 4-week intervals in the following

order: OT-I, gBT-I, and P14. Four weeks after the final transfer,

livers were harvested, and Trm cells were enumerated for

each TCR transgenic population (Figure 4B). This showed that

the number of OT-I Trm cells surviving to 12 weeks post-transfer

was relatively small but unaffected by the subsequent introduc-

tion of gBT-I cells and then P14 cells. It also showed that

the number of gBT-I Trm cells was unaffected by the later

administration of P14 cells. Similarly, these data revealed

that the endogenous Trm cell numbers were remarkably

stable despite addition of up to three different TCR transgenic



Figure 3. Liver Trm Cells Derived from In Vitro-Activated Cells Patrol in the Liver Sinusoids

20 million in vitro-activated GFP-expressing OT-I cells were transferred into naive TdTomato mice that ubiquitously express a membrane form of TdTomato.

Intravital 2-photon microscopy of the liver was performed 2–4 weeks after cell transfer.

(A) Field of view of a 50-mm z stack. The scale bar represents 40 mm. See also Video S1.

(B) Mean velocity of individual OT-I cells. A total of 10 movies from 5 mice were analyzed. Mean velocity ± SD is shown in red.

(C) Single frames from intravital 2-photon imaging of GFP+ OT-I cells within the liver of TdTomato mice over time. The scale bar represents 10 mm.

(D) Intravital 2-photon movies were quantitated for cells showing patrolling (crawling) behavior (black) or non-patrolling behavior (flowing in blood, sticking in

sinusoids without crawling; white) (Fernandez-Ruiz et al., 2016). Mean ± SEM is shown, and a total of 10 movies from 5 mice were analyzed.

(E) Memory T cells formed by activated OT-I cells protect mice from challenge with OVA-expressing sporozoites. Naive B6 mice were injected with 20 million

activated OT-I cells or left untreated. 3 weeks after transfer, mice were challenged with 200 OVA-expressing PbA sporozoites and monitored for parasitemia.

Mice were considered protected when they remained negative for parasites by day 12. Results are from 2 independent experiments using a total of 10 mice

per group.
cohorts. Overall, the total load of Trm cells increased nearly

5-fold in mice given a single type of transgenic T cell compared

with those given all 3 consecutive populations.

To determine whether transferred cell numbers could be

increased further to perhaps eventually fill the niche, we exam-

ined the number of liver Trm cells formed 4 weeks after injecting

up to 40 3 106 activated T cells (Figure S3). This revealed that

liver Trm cell numbers increased with an increasing dose but

began to plateau after injection of 20 3 106 activated T cells.

Given that 20 3 106 donor cells from a single injection

induced the maximum number of Trm cells, we examined

competition between the three TCR transgenic T cells cohorts

when 20 3 106 activated cells were transferred at 2-week
intervals (Figure 4C). Again, no evidence of competition was

seen between consecutive populations, revealing a 10-fold

increase in total Trm cell numbers in mice given all three

populations. Similarly, OT-I Tcm and Tem cell populations

were not reduced by addition of new transgenic populations

(Figure S4).

To explore the potential for T cell competition in the liver niche

after vaccination, in vitro-activated gBT-I cells were transferred

into B6 mice, followed 3 weeks later by naive OT-I cells. Mice

were then immunized with OVA conjugated to an anti-Clec9A

antibody and adjuvanted by CpG (Caminschi et al., 2008). The

generation of OT-I liver Trm cells by immunization did not alter

the number of pre-existing gBT-I liver Trm cells (Figure 4D).
Cell Reports 25, 68–79, October 2, 2018 73



Figure 4. New Specificities Do Not Compete with Old Specificities for the Niche Occupied by Liver Trm Cells

(A) 5 million in vitro-activated OT-I.Ly5.1 CD8+ T cells or 50,000 PbT-I.uGFP (ubiquitous green fluorescent protein) cells were transferred into naive B6mice. Mice

receiving PbT-I cells were vaccinated the following day with 50,000 RAS. Livers were harvested at various time points between 8 and 100 days, and total OT-I Trm

(closed circles) and PbT-I Trm (closed squares) cell numbers were calculated. Data displayed are from 3 independent experiments using up to 15 mice per time

point. Means ± SEM are shown. Half-life was calculated using an exponential growth equation in Prism 7.

(B) 5 million in vitro-activated OT-I, gBT-I, and P14 CD8+ T cells were consecutively transferred into recipient mice at 4-week intervals, starting with OT-I at time

point zero, gBT-I at 4 weeks, and P14 at 8 weeks. Somemice did not receive gBT-I cells or P14 T cells, as indicated by the symbols under the graph. Total Trm cell

numbers were analyzed in the livers 4 weeks after P14 cell transfer. Means ± SEM are shown. Results displayed are from 2 independent experiments using a total

of 10 mice per group.

(C) 20 million in vitro-activated OT-I, gBT-I, and P14 CD8+ T cells were transferred into recipient mice as outlined in (B) but with 2-week intervals. Total Trm cell

numbers were analyzed in the liver 2 weeks after the P14 cell transfer and revealed no change in endogenous and OT-I Trm numbers between groups (one way

ANOVA and Tukey’s multiple comparisons post-test). Results displayed are from 2 independent experiments using a total of 10mice per group. Means ±SEMare

shown. See also Figures S3 and S4.

(D) 20 million in vitro-activated gBT-I cells were transferred into naive B6 mice. 3 weeks later, 50,000 naive OT-I.Ly5.1 cells were transferred into the mice and

primed the following day using CpG B-P (CpG 2006-21798) and anti-Clec9A-OVA. Some mice did not receive gBT-I cells or OT-I T cells, as indicated by the

symbols under the graph. Livers were harvested from all groups 3 weeks following OT-I priming, and Trm numbers were assessed. Results displayed are from

2 independent experiments using a total of 10 mice per group. Means ± SEM are shown. No significant difference was observed.
Combined, these data suggested that the niche available for

liver Trm cell formation was relatively large (exceeding 2 million

Trm cells per liver) and that consecutive seeding of populations

simply added to existing liver Trm cells.

Formation of Liver Trm Cells Occurs after Infection
Theabovefindings suggested that liver Trmcellswouldbegener-

ated from any CD8+ T cell population activated during the course

of an infection. To examine this possibility, we adoptively

transferred 50,000 naive PbT-I T cells into B6 mice and then

measured memory T cell populations in the spleen and liver after

infection with either blood-stage PbA, which does not infect

liver cells, or with PbA RAS, which infect hepatocytes. This

revealed that both infection conditions induced liver Trm cell
74 Cell Reports 25, 68–79, October 2, 2018
formation (Figures 5A and 5B). However, comparison of the ratio

of liver Trm cells to circulating memory T cells (Tcirc; total

Tem cells plus Tcm cells from the spleen) showed a bias

towardTrmcell formation afterRAS infection (Figure 5D). This dif-

ference was also reflected in total liver Trm cell numbers, which

were also higher after RAS vaccination, despite infected red

blood cells (iRBCs) inducing more circulating memory T cells in

the spleen (Figure S5). These findings suggested that, although

Trm cells can form spontaneously in the liver following TCR stim-

ulation, factors such as antigen and/or inflammation associated

with liver infection may influence the extent of their formation.

This is consistent with our earlier observation that expression of

antigen in the liver favored formation of liver Trm cells after

prime-and-trap vaccination (Fernandez-Ruiz et al., 2016).



Figure 5. Liver Infection and/or Inflammation

Enhances Liver Trm Formation

(A–C) Mice received 50,000 PbT-I cells prior to

infection with iRBC or vaccination with 50,000 RAS,

or mice received 1 million gBT-I cells prior to infec-

tion with HSV. On days 60–65, livers (A and B) and

spleens (C) were harvested and analyzed by flow

cytometry to determine the proportion of Tcm, Tem,

and Trm cells. See also Figure S5.

(D) The number of Trm cells in the liver was divided

by the number of circulating T cells in the spleen

(Tem cells and Tcm cells) to calculate the relative

proportion of Trm cells in the liver.

Results for (A)–(D) are from 2 independent experi-

ments using a total of 8 mice. Means ± SEM are

shown. Groups were compared using a Kruskal-

Wallis test with Dunn’s multiple comparison post-

test in (D), and Trm percentages in (B) and (C) were

compared using one way ANOVA with Tukey’s

multiple comparisons post-test. p < 0.05 was

considered significant.

(E) Inflammatory signals enhance liver Trm cell for-

mation. 5 million in vitro-activated OT-I cells were

transferred into naive B6 mice alone or in the pres-

ence of the adjuvants poly(I:C), CpG B (CpG 1668),

or CpG B-P (CpG 2006-21798). Livers were har-

vested 3 weeks later, and the number of OT-I Trm

cells was determined by flow cytometry. Results

displayed are from 2 independent experiments using

a total of 10 mice. Values for individual mice and

means ±SEM are shown. Groupswere compared by

one-way ANOVA and Tukey’s multiple comparisons

test, and p < 0.05 was considered significant.

(F) Inflammatory signals derived from RAS are not

sufficient to enhance liver Trm cell formation. Mice

were pre-treated with CpG B-P or 50,000 RAS 2 hr

prior to the transfer of 10 million in vitro-activated

OT-I cells. Livers and spleens were harvested on

days 30–31, and OT-I Trm cells were enumerated.

Data are pooled from 2 independent experiments

using 3–6 mice per experiment. Values for individual

mice and means ± SEM are shown. Groups were

compared using a Kruskal-Wallis test with Dunn’s

multiple comparison post-test, and p < 0.05 was

considered significant.

*p < 0.05, **p < 0.01, ***p < 0.001.
Because blood-stage infection with P. berghei can cause

some liver inflammation, as measured by the release of acute-

phase proteins (Ansar et al., 2009; Friedman, 1983), and inflam-

mation has been shown to help Trm cell formation in various

tissues (Fernandez-Ruiz et al., 2016; Mackay et al., 2012; Wakim

et al., 2010), this may have contributed to seeding of Trm cells in

the liver during blood-stage infection. To investigate whether

liver Trm cells would form after an infection not known to

cause liver inflammation, we examined Trm cell formation after

cutaneous infection with HSV. One million naive TCR transgenic

T cells from the HSV-specific gBT-I line were adoptively trans-

ferred into B6 mice that were then infected with HSV by skin

scarification. Mice were left 60–65 days before measuring mem-

ory cell formation in the liver and spleen (Figures 5A–5C). Liver

Trm cells clearly formed after HSV infection, but their proportion

relative to circulating memory was lower than seen for malaria
(Figure 5D). The absolute number of liver Trm cells in this case

was comparable to RAS vaccination (Figure S5), although, over-

all, much greater responses were induced. This may relate to the

greater number of naive gBT-I cells used to monitor this

response or to differences in the infections. Together, these

data implied that liver Trm cells formed even after infections

that did not involve the liver but that inflammation and/or antigen

may optimize seeding.

Inflammatory Stimuli Boost Liver Trm Cell Numbers
To examine the role of inflammatory stimuli on the formation of

liver Trm cells, B6 mice were adoptively transferred with acti-

vated OT-I cells alone or together with an inflammatory stimulus

in the form of poly(I:C), a Toll-like receptor (TLR) 3 agonist, or one

of two different types of CpG, which are TLR9 agonists. These

mice were then left for 3 weeks before harvesting their livers
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and assessing liver Trm cell numbers (Figure 5E). This revealed

that addition of inflammatory stimuli significantly increased liver

Trm cell formation, with CpG B-P being the most potent. CpG

B-P is comprised of a B class oligodeoxynucleotide (ODN,

2006) linked to a P class ODN (21798), which, we have found,

is a more effective adjuvant for inducing CD8+ T cell immunity

than the single components alone (unpublished data).

Given that inflammatory stimuli increase liver Trm cell

numbers, and RAS administration has been reported to induce

inflammatory signals in the liver (Liehl et al., 2014; Miller et al.,

2014), we asked whether the increase in liver Trm cells seen

with RAS vaccination may be a consequence of RAS-induced

inflammation. Naive B6 mice were injected with activated

OT-I cells (a non-specific T cell population that could not

recognize antigen on sporozoites) and also injected with RAS

or CpG B-P. Three weeks later, liver Trm cell numbers were

assessed (Figure 5F). This indicated that, unlike CpG B-P,

co-administration of RAS was unable to increase liver Trm cell

numbers relative to untreated controls. These findings suggest

that formation of parasite-specific Trm cells in response to

RAS vaccination is not mediated by inflammatory signals. Given

that RAS generate substantial Trm cells compared with other

forms of priming, this finding implicates antigenic signals associ-

ated with RAS, rather than inflammatory signals, as important for

Trm cell formation by this form of priming.

DISCUSSION

Trm cells have been described in many non-lymphoid tissues

(reviewed in Schenkel and Masopust, 2014). Here we focused

on liver Trm cells and show that these cells form after TCR

stimulation in naive inbred mice as well as naturally during the

course of an immune response. IL-15 expression is critical for

the development of these cells because mice deficient in IL-15

lack endogenous liver Trm cells, and in vitro activated cells

cannot form liver Trm cells in IL-15 knockout mice. Previous

studies have found that the IL-15 dependence of Trm cells varies

between tissues, with those in the skin, salivary gland, and

kidney heavily dependent on this cytokine, whereas others, in

tissues such as the female reproductive tract and small intestine,

are independent (Mackay et al., 2013; Schenkel et al., 2016). Our

studies do not distinguish between an IL-15 requirement for

development, maintenance, or homeostatic proliferation, but

IL-15 has been shown to contribute to all three aspects of the

memory T cell life cycle in other tissues (Berard et al., 2003;

Greyer et al., 2016; Schenkel et al., 2016), leaving multiple con-

tributions possible.

Unlike Trm cells found in most organs, liver Trm cells induced

by vaccination or infection do not reside within epithelial tissues

or other parenchyma but, instead, patrol the liver sinusoids

(Fernandez-Ruiz et al., 2016; Masopust et al., 2010). Here we

show that liver Trm cells generated by adoptive transfer, like

those induced by other means, migrate within the sinusoids

and are able to control sporozoite infection. Given the relatively

large volume of the liver and its extensive sinusoidal network,

we asked whether there was a limit to the number of Trm cells

that could occupy this organ. Successive adoptive transfer of

in vitro-activated T cells increased the total number of Trm cells
76 Cell Reports 25, 68–79, October 2, 2018
by up to 10-fold, reaching around 2 million cells, with successive

transfers having little effect on previously formed populations

that occupy the same niche. Moreover, generation of Trm cells

by vaccination did not affect Trm cells already present in the

liver. Consistent with our observations in the liver, sites such

as the salivary gland and female reproductive tract are able to

accommodate 50-fold more Trm cells when immunized on three

successive occasions compared with once (Schenkel et al.,

2016). Lack of competition between Trm cell cohorts may

not always be the case, however, because some level of

competition between skin Trm cells was noted during MVA

infection, where certain antigen specificities could be out-

competed by immunodominant or high-frequency precursors

(Muschaweckh et al., 2016). In general, however, the limited

competition of Trm cells in sites like the liver, female reproductive

tract, and salivary glands suggest that multiple vaccinations

could generate large pools of patrolling cells specific for several

local pathogens without altering the pre-existing T cell pool.

Although Trm cell formation within an organ is not always

dependent on infection of that organ (Jiang et al., 2012; Maso-

pust et al., 2010), two factors have a major effect on the differen-

tiation and seeding of Trm cells within tissues during an immune

response: local antigen presentation (Davies et al., 2017; Fer-

nandez-Ruiz et al., 2016; Khan et al., 2016) and inflammation

(Mackay et al., 2012). The latter may exert its effect by upregula-

tion of chemokines such as CXCL10, which attract Trm cell pre-

cursors (Nakanishi et al., 2009). Our study shows that local

antigen presentation is not necessary for the accumulation of

Trm cells in the liver because transferring in vitro-activated

CD8+ T cells into naive mice led to the accumulation of large

numbers of Trm cells in this organ. Although we have previously

reported enhanced liver Trm cell formation in the presence of

inflammatory stimuli or antigen (Fernandez-Ruiz et al., 2016),

this earlier work could not isolate antigenic effects from

inflammatory effects because both antigen and adjuvant were

co-administered. Here we show that, in the absence of any anti-

genic stimuli in vivo, liver Trm cell formation is increased by the

presence of inflammatory signals generated by poly(I:C) or

CpG adjuvants, with CpGB-P having amoderately greater effect

than the other adjuvants. Use of CpG B-P was based on the

observation that DEC205 contributes to the uptake of B class

CpG ODN by dendritic cells, improving their potency (Caminschi

et al., 2013), whereas P class CpG ODNs do not bind DEC205

(unpublished data). Because P class ODNs more efficiently

trigger production of type I IFN, IL-6, and the CXCR3 ligand

CXCL10 (Samulowitz et al., 2010), we fused a DEC205-binding

B class ODN to a P class ODN to form a CpG B-P ODN that

would bind DEC205 to facilitate uptake by dendritic cells and

then utilize the superior cytokine-inducing properties of the P

class ODN. Future experiments will assess the precise factors

that contributed to the improved liver Trm cell formation in the

presence of CpG B-P.

The increase in Trm cell numbers caused by co-administration

of adjuvant is consistent with previous data generated in a skin

model, which found that administration of the inflammatory

agent 1-fluoro-2,4-dinitrobenzene (DNFB) on the skin was

necessary for the recruitment of cells that formed Trm cells

within this tissue (Mackay et al., 2012). Similar observations



were made for gut Trm cell development in a model of Yersinia

pseudotuberculosis infection (Bergsbaken and Bevan, 2015). In

this case, infection-derived inflammation was required for the

recruitment of Trm cells into the lamina propria in a process

that was dependent on CXCR3 expression by responding

T cells.

Unlike other non-lymphoid tissues, however, there is limited

need to specifically recruit T cells to the liver for formation of resi-

dent memory because the entire blood volume passes through

the liver every few minutes (Greenway and Stark, 1971). In

tissues like the skin, Trm cell precursors are required to leave

the blood and access parenchymal environments before they

fully develop into Trm cells. Because liver Trm cells are localized

within the sinusoids, circulating precursors have direct access to

the liver Trm cell niches without egress from the blood. Thus,

although chemokine-dependent recruitment may contribute to

increased Trm cell formation in the liver after administration of

adjuvants, it is worth considering alternative mechanisms.

Enhanced Trm cell formation in the presence of CpG ODNs

may relate to proliferation of CD8+ T cells within the liver because

CpG adjuvants have been reported to induce intrahepatic

myeloid cell aggregates (iMATEs) that support local CD8+ T cell

proliferation (Huang et al., 2013). Such iMATEs are not induced

by poly(I:C) (Huang et al., 2013), however, suggesting that this

adjuvant may supply alternative signals, such as type I IFN, that

influence Trm cell recruitment, development, or even retention.

Because interactions between integrins or chemokine recep-

tors and their ligands make important contributions to CD8+

T cell responses in the liver (Bertolino et al., 2005; Lee and

Kubes, 2008;McNamara et al., 2017; Tse et al., 2014), alterations

in these receptor-ligand pairs may be important. Retention of

liver-resident NKT cells, which, like CD8+ Trm cells, also patrol

the sinusoids, relies on interactions between CXCR6 expressed

on NKT cells and CXCL16 expressed on liver sinusoidal endo-

thelial cells (LSECs) (Geissmann et al., 2005). Liver Trm cells

express CXCR6 (Fernandez-Ruiz et al., 2016), and CD8+

T cells deficient for this receptor form memory T cells poorly

in the liver (Tse et al., 2014), implicating this interaction in

Trm cell maintenance. LFA-1 expressed by liver Trm cells and

its interaction with ICAM-1 expressed on hepatocytes and/or

LSECs has also been shown to be critical for retention of

these T cells in the liver (McNamara et al., 2017). Because the

expression of receptor-ligand pairs such as these can be

affected by cytokines induced by CpG or poly(I:C) (Murray

et al., 2016; Sacher et al., 2002; Tohyama et al., 2007; Wuttge

et al., 2004), it is feasible that initial retention of precursors

within the liver sinusoids is mediated by adjuvants, leading to

greater Trm cell formation.

Evidence that RAS vaccination promotes more efficient liver

Trm cell formation than either HSV skin infection or blood-stage

PbA infection suggests that infection of the liver is key to

generating efficient responses in this tissue. This does not

appear to be due to increased inflammation of the liver because

co-administration of activated non-specific OT-I T cells with a

vaccine dose of RAS failed to increase liver Trm cell

formation. Given the large number of sporozoites used and the

documented inflammatory signals arising from this type of

vaccination (Liehl et al., 2014; Miller et al., 2014), this observation
was somewhat surprising. Importantly, however, with respect to

vaccine development, it implies that potential additional benefits

might be gained by combining alternative inflammatory signals

with RAS vaccination. In this light, adding a-galactosylceramide

(aGalCer), an NKT cell stimulus, to RAS has been reported to

improve vaccine efficacy (Gonzalez-Aseguinolaza et al., 2000).

It will be interesting to explore the ideal adjuvants for facilitating

optimal liver Trm cell formation when combined with RAS.

Combined, we show that liver Trm cells form after TCR stimu-

lation in mice, generating a population of endogenous cells that

have the capacity to mount an immune response. These cells will

also form during the natural course of an immune response, and

their numbers can be enhanced by the presence of local antigen

and inflammation. Finally, we reveal the considerable size of the

liver niche, indicating that there is limited competition between

immune subsets.
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Rat monoclonal anti-CD8a (clone 53-6.7) Biolegend Cat#100748, RRID: AB_2562100

Rat monoclonal anti-CD8a (clone 53-6.7) BD Cat# 553035, RRID: AB_398527

Rat monoclonal anti-CD44 (clone IM7) Biolegend Cat# 103026, RRID: AB_493713
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Peptides and Recombinant Proteins
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gBT-I Mueller et al., 2002 N/A

PbT-I Lau et al., 2014 N/A

P14 Pircher et al., 1989 N/A

Ly5.1/IL-15�/� Kennedy et al., 2000 N/A
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Anopheles stephensi The Malaria Research and Reference

Reagent Resource Center; BEI resources

Strain: STE2/MRA-128

Recombinant DNA

CpG 2006-21798 Geneworks Fernandez-Ruiz et al., 2016

CpG 2006-21798 Integrated DNA Technologies Fernandez-Ruiz et al., 2016
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Imaris v9.1 Bitplane http://www.bitplane.com/

Prism v7 GraphPad https://www.graphpad.com/scientific-

software/prism/

FlowJo v9.9 Tree Star https://www.flowjo.com/

Diva BD Bioscience N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 (B6), gBT-I (Mueller et al., 2002), OT-I (Hogquist et al., 1994), PbT-I (Lau et al., 2014), P14 (Pircher et al., 1989), TdTomato

(Muzumdar et al., 2007), IFNaR2�/� (Fenner et al., 2006), TNF�/� (Pasparakis et al., 1996), Sting�/� (Jin et al., 2011), IFN-g�/� (Dalton

et al., 1993), Ly5.1/IL-15�/� (Kennedy et al., 2000) and Stat6�/� (Kaplan et al., 1996) mice were bred and maintained at the Depart-

ment of Microbiology and Immunology, The University of Melbourne. Des-TCR and Des-RAG (Hua et al., 1986) mice were bred and

maintained at the Centenary Institute. All mice used were 6-12 weeks of age and littermates of the same sex were randomly assigned

to experimental groups. Animals used for the generation of the sporozoites were 4-5 week old male Swiss Webster mice purchased

from the Monash Animal Services (Melbourne, Victoria, Australia) and housed at 22� to 25�C on a 12 hr light/dark cycle at the School

of Biosciences, The University of Melbourne, Australia.

Ethics statement
All animal experiments were in accordance with the Prevention of Cruelty to Animals Act 1986, the Prevention of Cruelty to Animals

Regulations 2008 and the National Health and Medical Research Council (2013) Australian code for the care and use of animals for

scientific purposes. The protocols were approved by the Melbourne Health Research Animal Ethics Committee, University of

Melbourne (ethics protocols IDs: 1513505, 1513470) and by the Royal Prince Alfred Hospital Sydney local health district Animal

Ethics Committee (ethics protocol ID: 2014/001).

Plasmodium Infection
Anopheles stephensi mosquitoes (STE2, MRA-128, from BEI Resources) were reared in an Australian Biosecurity (Department of

Agriculture and Water Resources) approved insectary (Benedict, 1997). The conditions were maintained at 27�C and 75%–80%

humidity with a 12 h light and dark photo-period in filtered drinking water (Frantelle beverages, Australia) and fed with Sera vipan

baby fish food (Sera). The larvae were bred in plastic food trays (P.O.S.M Pty Ltd, Australia) containing 300 larvae, each with regular

water changes every 3 days. Upon ecloding, the adult mosquitoes were transferred to aluminum cages (BioQuip Products, Inc.

St.Rancho Dominguez, CA, USA) and kept in a secure incubator (Conviron), in the insectary at the same temperature and humidity

and maintained on 10% sucrose.

P. berghei ANKA wild-type Cl15cy1 (BEI Resources, NIAID, NIH: MRA-871, contributed by Chris J. Janse and Andrew P. Waters)

and PbA expressing OVA under the HSP70 promoter were used (Kimura et al., 2013). Infections of naive Swiss mice were carried out

by i.p inoculation of PbA infected RBCs obtained from a donor mouse between the first and fourth passages from a cryopreserved

stock. Parasitemia was monitored by Giemsa smear and exflagellation quantified 3 days post infection. 1 mL of tail prick blood was

mixed with 100 mL of exflagellation media (RPMI [Invitrogen] supplemented with 10%v/v fetal bovine serum, pH 8.4), incubated for

15 min at 20�C, and exflagellation events per 1x104 red blood cells were counted. A. stephensimosquitoes were allowed to feed on

anaesthetisedmice once the exflagellation rate was assessed between 12-15 exflagellation events per 1x104 red blood cells. 22 days

after biting, salivary glands were dissected and checked for the presence of sporozoites.

Sporozoites were dissected from mosquito salivary glands (Ramakrishnan et al., 2013), resuspended in cold PBS, and either left

untreated for challenge experiments or irradiated with 20,000 rads using a gamma 60Co source. For challenge experiments, 200

freshly dissected PbA sporozoites were injected i.v. as indicated. Mice were assessed for parasitemia at day 6, 7, 8, 10 and 12 using

flow cytometry. Briefly, a drop of blood was collected from the mice and stained with Hoechst 33258 dye (ThermoFisher, Scoresby,

Victoria, Australia) for 1 hr at 37�C. Samples were analyzed on a LSR Fortessa (BD Biosciences, San Diego, USA) using a violet laser

(405 nm) to excite the dye. After gating on RBCs the percentage of Hoechst positive cells were measured. Values were compared to

uninfected controls and typically values of > 0.1% were considered positive for parasites. Mice positive for parasites on two

consecutive days were euthanized. Mice were considered sterilely protected if they remained parasitemia-negative on day 12 after

challenge.

METHODS DETAILS

Vaccination
For vaccinations with radiation attenuated sporozoites (RAS), B6mice were injected i.v. with 50,000 RAS. Vaccination using infection

and treatment was achieved by infecting mice intravenously with 106 PbA infected RBC (iRBC). After infection, mice were injected

intraperitoneally with 0.8 mg chloroquine daily from day 4 to day 8, followed by 600 mg/L chloroquine in drinking water on day 9 and

day 10.

Naive OT-I, gBT-I and PbT-I CD8+ T cells were isolated by negative selection from the lymph nodes and/or spleen as previously

described (Fernandez-Ruiz et al., 2016). Briefly, tissues were disrupted by passing through 70 mm cell strainers and red cells lysed.

Single cell suspensions were labeled with a cocktail of rat monoclonal antibodies specific for CD4, MHC Class II, macrophages and

neutrophils prior to incubating with BioMag goat anti-rat IgG beads (QIAGEN, Chadstone, VIC, Australia) and separating using a

magnet. Enriched naive CD8+ T cells were counted and their purity analyzed by staining with anti-CD8 and anti-Va TCR antibodies.

Cell counts were adjusted to 2.5x105/mL in PBS and mice were injected with 200 mL i.v.. For HSV studies, mice were infected by
Cell Reports 25, 68–79.e1–e4, October 2, 2018 e2



skin scarification with 106 PFU HSV-1 following the transfer of 106 gBT-I cells as described (Gebhardt et al., 2009). Naive OT-I cells

were primed in B6 mice by i.v injection of 5 nmol of CpG 2006-21798 (Krieg, 2006; Fernandez-Ruiz et al., 2016) and 2 mg of

anti-Clec9A antibody genetically fused to ovalbumin (Caminschi et al., 2008).

In vitro T cell activation and transfer
OT-I (Ly5.1 or uGFP) cells were activated in vitro for 4-5 days using naive B6 splenocytes coated with 0.5 mg/mL of SIINFEKL peptide

(Auspep, Tullamarine, VIC, Australia) in complete media (RPMI containing 10% FCS, 2 mM L-glutamine, 5 mM HEPES and 50 mM

2-mercaptoethanol (Sigma Aldrich, Castle Hill, NSW, Australia)). OT-I cells were activated in the presence or absence of 5 mg LPS

(Sigma), 10 U/mL of recombinant human IL-2 (Peprotech, Mt Waverly, VIC, Australia) or 50 ng/mL rmIL-15 (In Vitro Technologies,

Noble Park, VIC, Australia). gBT-I (Ly5.1 or uGFP) cells and P14.Thy1.1 cells were activated in vitro for 4-5 days in complete media

using naive B6 splenocytes coated with 0.1 mg/mL of SSIEFARL peptide or KAVYNATC peptide, respectively. Cells were activated in

the presence of 6 mg of LPS (Sigma), with 12.5 U/mL of rhIL-2 added at day 3 and day 4. Prior to transfer the cells were washed

extensively with PBS to remove any excess LPS, counted and their purity analyzed by staining with antibodies against CD8 and

the relevant Va TCR. Activated cells were adjusted to the required concentration and injected in a volume of 200 mL of PBS via

the tail vein. In experiments where cells were transferred in the presence of adjuvants, the cells were mixed with 50 mg of poly I:C

or 75.3 mg of CpG 1668 (CpG B) or CpG 2006-21798 (CpG B-P) (Geneworks, Thebarton, SA, Australia) (Fernandez-Ruiz et al.,

2016) per mouse.

Lymphocyte isolation from organs
Tissues were harvested from mice at different time points after immunization. For spleen cell preparations, the organ was passed

through 70 mm mesh and red blood cells were lysed. Liver cell suspensions were passed through 70 mm mesh and resuspended

in 35% isotonic Percoll (Sigma). Cells were then centrifuged at 500 g for 20 min at room temperature (RT), the pellet harvested

and then red cells lysed before further analysis.

Flow cytometry
Cells were labeled with monoclonal antibodies specific for CD8a (53-6.7), Va2 (B20.1), Va8.3 (B21.14), Vb5.1/5.2 (MR9-4), Vb8.1/8.2

(MR5-2), Vb10 (B21.5) from BD, KLRG1 (2F1), CD44 (IM7), CD62L (MEL-14), CD45.1 (A20), CD45.2 (104), NK1.1 (PK136) from

Biolegend (Australian Biosearch, Karrinyup, WA. Australia), CD69 (H1.2F3) and CD101 (Moushi101) from eBioscience (Jomar Life

Research, Scoresby, VIC, Australia) and Des-TCR (Desiré clonotypic antibody, purified and conjugated with biotin in house at the

Centenary Institute). The cells were stained at 4�C for 20 min, washed, and analyzed without fixation. Intracellular staining for

PLZF (9E12) was performed after surface staining with a CD1d a-GalCer tetramer (Hammond et al., 2001; Matsuda et al., 2000) using

the Transcription factor fixation/permeabilization buffer kit according to the manufacturer’s instructions (Biolegend). Dead cells were

excluded by propidium iodide staining or far red live/dead fixable dye (ThermoFisher). Single-color positive control samples

were used to adjust compensation and cells were analyzed by flow cytometry on a LSR Fortessa (BDBiosciences), using Flowjo soft-

ware (Tree Star Inc.).

Intravital 2 photon microscopy
Mice were anaesthetized with isoflurane (Cenvet; 2.5% for induction, 1.5% for maintenance, vaporized in an 80:20 mixture of

oxygen and air) using a Tech 3 vaporizer (Surgivet) and the abdomen shaved. The liver was surgically exposed as previously

described (Fernandez-Ruiz et al., 2016). Briefly, a circular incision was made in the skin 5-7 mm below the diaphragm. The lateral

peritoneal vessel was embolized by clamping for 4 min using 2 forceps, held approximately 5 mm apart. An incision was then

made across the embolized blood vessel, through the peritoneal membrane to expose the caudal lobe of the liver. Mice were

then positioned in a custom-made imaging stage and the region around the exposed liver covered in PBS-moistened gauze

to prevent dehydration. The liver was then attached to a glass coverslip using drops of super glue placed at the periphery of the

exposed tissue.

Images were acquired with an upright LSM710 NLOmultiphoton microscope (Carl Zeiss Microimaging) or FVMPE-RSmultiphoton

microscope (Olympus) enclosed in a custom-built environmental chamber (Precision Plastics) that was maintained at 35�C with

heated air. Images were acquired with a 20X/1.0 NA water immersion objective. Fluorescence excitation was provided by a

Chameleon Vision II Ti:Sapphire laser (Coherent), with dispersion correction on the LSM710. EGFP and TdTomato were

excited at 890 nm. For image acquisition on the FVMPE-RS microscope, fluorescence excitation was provided by a Mai Tai

(690-1040 nm) laser or an Insight laser (690-1300nm) (Spectra Physics). EGFP was excited at 910 nm using the MaiTai laser and

TdTomato was excited at 1125 nm using the Insight laser. For four-dimensional datasets, three-dimensional stacks were

captured every 30 s. Raw imaging data were processed with Imaris 9.1 (Bitplane). Cell migration was analyzed through automatic

cell tracking aided by manual corrections. Data were used to plot graphs in Prism 7 (GraphPad software). For the generation of

movies, image sequences exported from Imaris were composed in Adobe After Effects.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Figures were generated using GraphPad Prism 7. Data are shown as mean values ± SEM or mean ± SD as indicated in the figure

legends. Data was log transformed, assessed for normality then either Student’s t tests, Mann-Whitney rank sum U test, one way

ANOVA or Kruskal Wallis test was performed depending on whether the data was normally distributed. Dunn’s multiple comparison

post-test was used to compare data not normally distributed while Tukey’s multiple comparison test was used to compare normally

distributed data. The statistical tests performed on the data are indicated in the figure legends and results, along with sample size

indicating the number of animals used. P values < 0.05 (*), < 0.01 (**) or 0.001 (***) were considered statistically significant.
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