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TRM-associated transcription factors are mechanically 
modulated
We next investigated whether any of the transcriptional regulators 
shown to play a lineage-defining role in CD8+ TRM formation were among 
the DEGs in the mechanosensitive transcriptome. We focused on Runx3 
and Hic1, whose increased expression supports a TRM program in CD8+ 
T cells37,38,48, and KLF2, whose downregulation contributes to TRM cell 
tissue retention3,49. GSEA indicated that transcripts of Runx3-regulated 
genes, such as Itga4, Tead1 and Cdkn1a, were enriched in stiff versus 
soft gel-embedded CD8+ T cells (Fig. 5a). Expression of Runx3 protein 

in CD3 + CD28 Ab-activated collagen-embedded CD8+ T cells increased 
with increasing collagen gel concentration in both telo-bovine and 
telo-rat tail collagen, and remained unchanged in atelo-bovine colla-
gen, regardless of the collagen concentration (Fig. 5b). Expression of 
Runx3 protein was also upregulated in response to mechanical input 
in GP33-activated P14 T cells (Fig. 5c). We found a similar mechanical 
force-induced increase in RUNX3 expression at the gene and protein 
level in CD3 + CD28 Ab-activated human CD8+ T cells isolated from 
PBMC and embedded in stiff rat tail versus soft bovine atelo-collagen 
(Fig. 5d,e). Using RT–qPCR, we found that Hic1 gene expression 
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increased threefold in the stiffest telo-bovine collagen and fivefold 
in the stiffest telo-rat tail collagen compared to atelo-bovine (Fig. 5f).

KLF2 is mechanically regulated in vascular endothelial cells, medi-
ating transcriptional responses to shear flow50. Klf2 gene expression 
was downregulated in mouse CD3 + CD28 Ab-activated CD8+ T cells in 
telo-bovine or rat tail stiff gels compared to atelo-bovine gels (Fig. 5g). 
CD8+ and CD4+ T cells isolated from spleens of KLF2–GFP reporter 
mice51 and activated as before maintained expression of KLF2–GFP 
in low-stiffness gels, but downregulated expression in high-stiffness 
rat tail collagen (Fig. 5h,i). To assess KLF2 protein expression in T cells 
exposed to a different type of mechanical input, we also performed 
under-agarose migration assays, in which the mechanical load can be 
titrated by increasing the percent agarose used12 (Fig. 5j). In the absence 
of agarose (unconfined migration) KLF2–GFP was primarily nucleus 
located, while in T cells loaded with 0.5% or 2% agarose, expression of 
KLF2–GFP decreased and the KLF2–GFP signal shifted from nuclear 
to cytoplasmic (Fig. 5k,l). In addition, among DEGs in the mechano-
sensitive transcriptome, we detected significant increases in other 
transcription factors associated with CD8+ TRM cell programming52, 
including Glis3, Snai1, Klf4, Jun, Hsf2, Nr4a3 and Foxo3 (Fig. 5m). These 
findings established that the TRM cell-like transcriptional signature 
observed in stiff gel-embedded CD8+ cells was at least in part driven 
by the mechano-regulation of key transcriptional regulators of TRM 
cell differentiation, including Runx3, Hic1 and Klf2.

Stiffness imprints a TRM cell-like phenotype retained in vivo
To assess whether the mechanosensitive transcriptome changes 
observed in activated CD8+ T cells were stable, CD8+ T cells were acti-
vated in media with CD3 + CD28 Ab, embedded in soft or stiff gels for 
24 h and subsequently cultured in suspension for an additional 24 h 
(Fig. 6a). The differences in the expression of Runx3, Klf2, Xcl1 and Itga1 
between soft and stiff gel-preconditioned CD8+ T cells were retained 
in media at 24 h (Fig. 6b), suggesting that at least some mechanically 
induced gene expression changes were retained for a day. To assess 
whether mechanical preconditioning impacted CD8+ T cell fate in vivo, 
we activated Thy1.1+CD8+ T cells in media with CD3 + CD28 Ab, pre-
conditioned them for 24 h in soft or stiff collagen, and then injected 
them intradermally into the ears of B6.SJL CD45.1+ recipient mice 
(Fig. 6c). We used intradermal injection, as downregulation of CD62L 
expression in stiff-preconditioned CD8+ T cells precludes homing to 
secondary lymphoid organs after intravenous injection and most CD8+ 
T cells drain from the skin to the (soft) ear-draining cervical LN (dLN) 
through lymphatic vessels in the absence of cognate antigen in the 
skin. At day 7 post transfer, while soft-gel-derived Thy1.1+CD8+ T cells 
in the dLN were mostly CD62Lhi TCM-like, stiff gel-derived Thy1.1+CD8+ 

T cells in the dLN had increased percentages of CD62LloCD69+ TRM-like 
cells (CD103+ and CD103−) (Fig. 6d). We found a significant increase in 
both the percent and number of CD62LloThy1.1+CD8+ T cells in the dLNs 
of mice transferred with stiff- compared to soft-preconditioned CD8+ 
T cells (Fig. 6e), while the number of CD44+CD62LhiThy1.1+CD8+ TCM-like 
cells was similar between soft- and stiff-preconditioned transferred 
cells (Fig. 6f). Overall, stiff-preconditioned Thy1.1+CD8+ T cells were 
enriched in CD62Llo TRM-like cells by almost twofold compared to their 
soft-preconditioned counterparts in the dLN (Fig. 6f), and had a signifi-
cantly higher proportion of CD69+ or CD69+CD103+ TRM cells compared 
to the soft-preconditioned Thy1.1+CD8+ T cells (Fig. 6g). By contrast, 
in the skin day 7 post transfer, all Thy1.1+CD8+ T cells were CD62L− 
in mice transferred with soft- or stiff-preconditioned CD8+ T cells 
(Extended Data Fig. 8a), suggesting that skin tissue stiffness could 
still modulate cell phenotype. The number of stiff-preconditioned 
Thy1.1+CD8+CD62Llo TRM-like cells were slightly greater than 
soft-preconditioned TRM-like cells in the skin (Extended Data Fig. 8a), 
possibly a result of greater retention.

To determine whether memory T cells located in stiffer non-
lymphoid tissues displayed similar morphological features as acti-
vated CD8+ T cells in stiff gels, we transferred spleen CD45.2+CD8+ 
T cells from nTnG-reporter mice activated in media with CD3 + CD28 
Ab into CD45.1+ mice infected with LCMV 4 days before transfer. We 
used confocal microscopy to detect transferred CD45.2+ memory 
T cells in the spleen (soft) or lung and liver (stiff) at day 28 post trans-
fer (Extended Data Fig. 8b). Extracted cell shape and nucleus shape 
parameters of transferred CD45.2+ T cells across all three tissues indi-
cated that cells separated in cell shape PCA space based on tissue 
(Fig. 6h), with lung and liver CD8+ T cells having significantly greater 
cell perimeters and areas than those located in the spleen (Fig. 6i,j). 
Differences based on nuclear morphology were less pronounced 
(Extended Data Fig. 8c), with lung, but not liver CD45.2+ T cell nuclei 
having significantly greater perimeters and areas than their splenic 
counterparts (Extended Data Fig. 8d). Thus, exposure of activated CD8+ 
T cells to greater mechanical input led to increased differentiation of 
TRM-like cells in vivo, and CD8+ TRM cells located in stiff tissues displayed 
morphology changes that may be mechanically driven.

Discussion
Our study revealed that activated CD8+ T cells responded to mechanical 
cues in their microenvironment through changes in nuclear envelope 
composition, cell morphology and gene expression. Mechanosensing 
by activated CD8+ T cells drove a core CD8+ TRM cell gene signature, 
leading to greater TRM cell differentiation in vivo upon transfer of CD8+ 
T cells preconditioned in stiff collagen. While the mechanosensor(s) 

Fig. 6 | Stiffness imprints a TRM cell-like phenotype retained in vivo.  
a, A schematic showing CD8+ T cells were activated with CD3 + CD28 Ab in media 
for 3 days, preconditioned by embedding in soft (2 mg ml−1 atelo-bovine) or stiff 
(2 mg ml−1 telo-rat tail) collagen for 24 h, retrieved by digestion and then cultured 
in media for 24 h before analysis. b, Expression of Runx3, Klf2, Xcl1 and Itga1 
measured by RT–qPCR in CD8+ T cells (n = 4 mice, pooled from 2 independent 
experiments) cultured in soft and stiff gels as in a. Expression was normalized to a 
housekeeping gene and shown as FC relative to the mean of the ex-soft condition 
per gene. c, A schematic showing Thy1.1+CD8+ T cells were activated in media with 
CD3 + CD28 Ab for 3 days, embedded into soft or stiff collagen for 24 h, retrieved 
by digestion and adoptively transferred intradermally (i.d.) into the ears of WT 
CD45.1 mice, followed by isolation from the ear skin and dLN on day 11 (day 7  
post transfer) and flow cytometry. d, Representative contour plots showing  
the phenotype of adoptively transferred Thy1.1+CD8+ T cells preconditioned in 
soft or stiff gels in the dLN of recipient mice at day 7 post transfer, as in c.  
e, The percent and number of CD62Llo cells among adoptively transferred CD8+ T 
cells preconditioned in soft or stiff gels in the dLN of recipient mice at day 7 post 
transfer, as in c. f, The number of TCM-like cells and ratio of CD62Llo to TCM cell-like 
cells among transferred Thy1.1+CD8+ T cells preconditioned in soft or stiff gels 
in the dLN at 7 days postintradermal transfer as in c. The ratio is normalized to 

the mean ratio of adoptively transferred T cells preconditioned in soft collagen. 
g, The percentage of CD69+CD103− and CD69+CD103+ CD62Llo TRM-like cells 
among Thy1.1+CD8+ T cells preconditioned in soft or stiff gels in the dLN at 7 days 
postintradermal transfer as in c. h, PCA of shape descriptors in memory CD45.2+ 
T cells analyzed by confocal microscopy in the parenchyma of spleen (n = 150 
cells), lung (n = 98 cells) and liver (n = 67 cells) of CD45.1 recipient mice infected 
with LCMV, transferred with CD3 + CD28 Ab-activated CD45.2+nTnG+CD8+ T cells 
on day 4 post infection (n = 2 mice) and analyzed at day 28 post infection. The 
95% CIs of s.e.m. are shown for each tissue. i, Summary of cell shape parameters 
(n = 2 mice) across tissues (spleen, lung and liver) that contributed most to 
the variance observed along the first principal component as in h. j, Example 
outlines of CD45.2+ memory CD8+ T cells from PCA as in h, colored by cell area. 
Cells were randomly sampled from the subpopulation of cells within PC1 ± 1 
from respective tissue mean. Medians are shown in all quantification plots (i).  
In e–g, data are quantified from n = 9 mice; pooled from 2 independent 
experiments. Error bars are median ± min/max with box boundaries denoting 
25th and 75th percentiles (b,e–g). Statistical tests: Mann–Whitney (b,e–g), 
ANOVA with Tukey’s multiple comparisons test (i); all statistical tests were two 
sided; *P < 0.05, **P < 0.01, ***P < 0.001.
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responsible remains to be determined, we established that greater 
mechanical input led to the increased expression of Hic1 and Runx3, 
and decreased expression of KLF2—transcriptional regulators previ-
ously shown to be important in the differentiation of CD8+ TRM cells. 
Moreover, Hic1, Runx3 and KLF2 may not be the only TRM cell-associated 
transcriptional regulators impacted by mechanical input. Given these 
findings, it is intriguing to speculate that at least part of the gene signa-
ture that defines the identity of CD8+ TRM cells is a cellular response to 
mechanical input, and that the core TRM genes have a role in enabling 
CD8+ TRM cells to survive and remain motile in environments that are 
mechanically more challenging than lymphoid tissues.

Our data suggested that while YAP and TAZ may be involved in 
regulating some of the gene expression changes observed, they were 
not responsible for either the TRM cell phenotype or the lamin A/C 
upregulation in CD8+ T cells embedded in stiff gels. We also ruled out 

a role for integrin- or cPLA2-mediated signaling, which in other settings 
translate mechanical forces into gene expression or cytoskeleton 
changes that impact cell migration13,14,23, as well as myosin II-mediated 
cytoskeleton contractility or lamin A/C expression, in the induction 
of the TRM cell-like transcriptome in stiff gel-embedded CD8+ T cells. 
The extent of gene expression differences we observed in CD8+ T cells 
between soft and stiff environments, at least some of which are stable 
after removal from the stiff gels, coupled with changes in lamin A/C 
expression and nuclear morphology, suggested that mechanical forces 
might ultimately lead to chromatin reorganization, as has been shown 
in other cell types53. Evidence from experiments injecting CD8+ T cells 
preconditioned in soft or stiff collagen gels into the skin and examin-
ing their phenotype in the draining, much softer, LN environment 
suggested that mechanically induced changes were retained for at 
least a week. The mechanosensitive plasticity in T cells, and hence the 
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reversibility of mechanical force-instructed cell states, will be impor-
tant to address. Activated T cells encounter changes in stiffness even 
before they traffic to peripheral tissues, as a result of the stiffening of 
lymphoid organs during infection33. Thus, it is possible that mecha-
nosensing in lymphoid organs could have a role in preconditioning 
activated T cells for survival in tissues that exert greater mechanical 
forces. This would be in line with data suggesting that CD8+ TRM cell 
differentiation is initiated in lymphoid organs and further potentiated 
by tissue-specific signals54,55. Moreover, the overlap of stiffness-driven 
genes with genes downstream of TGFβ signaling may explain why TGFβ 
is important for CD8+ TRM cell differentiation in some tissues, while 
dispensable in others, despite the existence of a unifying TRM cell gene 
program across all tissues42.

The identification of a role for mechanical force sensing in CD8+ 
TRM cell differentiation may suggest novel therapeutic targets to impair 
CD8+ TRM cell maintenance in contexts where they are pathogenic, 
such as in autoimmune diseases, allergies or transplant rejection. 
In addition, modulating the trade-off between survival in the face 
of force-mediated DNA damage and the ability to remain motile in 
stiff microenvironments could be important in antitumor immunity. 
Determining whether molecular responses to increased external forces 
underlies why some immune cells can establish tissue residency, while 
others cannot, may eventually enable us to better tailor immune cell 
presence in distinct tissues in both health and disease.
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Methods
Mice
C57BL/6J ( JAX 000664), B6.Thy1.1 ( JAX 000406), B6.CD45.1 ( JAX 
033076) and vav-cre ( JAX 03567057) mice were purchased from The 
Jackson Laboratory. LifeAct-GFP reporter mice58 (shared by J. Burkhardt, 
University of Pennsylvania) were crossed in-house with nTnG reporter 
mice ( JAX 023537)59. YAPfl/fl/TAZfl/fl mice60 were shared by A. Gregorieff 
(McGill); Thy1.1+ P14 TCR transgenic mice61 by H. Melichar (McGill). 
Lmnafl/fl mice62 were shared by J. Lammerding (Cornell University) and 
crossed to vav-cre mice in-house. All mice were bred and housed under 
SPF conditions with a 12 h/12 h light/dark cycle at an ambient tempera-
ture of 18–24 °C and a humidity range of 30–70% in the CMARC animal 
facility (McGill), in accordance with the Guide for the Care and Use 
of Laboratory Animals, with exception of KLF2–GFP reporter51 mice, 
which were bred at the University of Minnesota in the lab of S. Jameson 
and spleens shipped on ice to Montreal. All mice were on a C57BL/6J 
background and used for experiments at 6–12 weeks of age. Both male 
and female mice were used and sex matched where applicable. Randomi-
zation and blinding were not used. The sample size was determined by 
power analysis and prior experience. No data points were excluded from 
the analyses. Experimental procedures were all approved by the McGill 
University Facility Animal Care Committee (protocol no. MCGL-7570).

Human samples
Human blood samples were obtained by venipuncture at the Center 
for Innovative Medicine, Research Institute of the McGill University 
Health Center. Informed consent was obtained from all volunteers. 
Participants were male and female, healthy, aged 29–38 years old. This 
study was approved by the McGill University Health Center Research 
Ethics Board (protocol no. 2023-8829).

Buffers, culture media and centrifugation settings
Reagents were purchased from Wisent unless otherwise indicated.

Complete media: RPMI 1640 supplemented with 10% heat- 
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U ml−1 
penicillin, 100 ng ml−1 streptomycin, 1 mM sodium pyruvate, 
10 mM HEPES, 1% nonessential amino acids (NEAA) and 5 μM 
2-mercaptoethanol (Gibco).

StemCell isolation buffer: PBS (without Ca2+ and Mg2+) supple-
mented with 2% FBS and 1 mM EDTA (Gibco).

Concentrated RPMI for collagen gel: for 1 ml; 620 µl RPMI 1640 
10× (Sigma) supplemented with 165 µl sodium bicarbonate 7.5% solu-
tion (Gibco), 155 µl HEPES 1 M and 62 µL L-glutamine 200 mM. pH was 
adjusted to 7.4 using NaOH 1 N (Sigma).

FACS buffer: PBS (without Ca2+ and Mg2+) supplemented with 2% 
FBS and 5 mM EDTA (Gibco).

Digestion buffer: RPMI 1640 supplemented with 0.25 mg ml−1 
Liberase TL (Roche) and 50 U ml−1 DNAse I (Sigma).

Comet assay lysis buffer: 2.5 M NaCl, 10 mM Tris, 100 mM EDTA 
and 1% Triton X-100 (pH 10).

Comet assay electrophoresis alkaline buffer: 300 mM NaOH and 
1 mM EDTA (pH >13).

Comet assay neutralization buffer: 400 mM Tris (pH 7.5).
Centrifugation settings: unless otherwise specified, cells were 

centrifuged at 300g for 5 min at 4 °C.

CD8+ T cell isolation for activation and expansion
Murine CD8+ T cell isolation. Spleen and LN (inguinal, axillary, bra-
chial, superficial cervical and mesenteric) were collected and crushed 
through a 70-µm strainer in StemCell buffer. After centrifugation, red 
blood cells were lysed in 3 ml ACK Lysing buffer (Gibco) for 1 min, and 
cells were washed in StemCell buffer. CD8+ T cells were isolated using 
EasySep Mouse Total CD8+ T Cell Isolation Kit (StemCell) following the 
manufacturer’s protocol with an additional magnet separation step, 
then washed in complete media (for activation) or PBS (for adoptive 

transfer). To generate inducible knockout of Talin or double knockout 
of YAP and TAZ, CD8+ T cells were incubated with 2 µM TAT-CRE Recom-
binase (Sigma) for 1 h at 37 °C to excise the transgenes flanked by loxP 
sites before CD3 + CD28 Ab activation.

Murine CD8+ T cell activation. Flat-bottom 96-well plates were coated 
with 3 µg ml−1 Ultra-LEAF Purified anti-mouse CD3ε (145-2C11, BioLeg-
end) for 2 h at 37 °C or overnight at 4 °C, then washed with PBS. Isolated 
CD8+ T cells were resuspended at 2.5 × 106 cells ml−1 in complete media 
and supplemented with 2 µg ml−1 Ultra-LEAF purified anti-mouse CD28 
(37.51, BioLegend). Then 200 µl of 5 × 105 cells were added per well. After 
2 days at 37 °C, 5% CO2, cells were pooled, centrifuged, resuspended at 
106 cells ml−1 in complete media with 20 ng ml−1 recombinant mouse IL-2 
(BioLegend), and expanded in T75 flasks at 37 °C, 5% CO2. Cells were 
loaded in collagen gels on day 3.

P14 CD8+ T cell activation. Naive CD8+ T cells from Thy1.1+ P14 TCRα−/− 
transgenic mice were isolated using the EasySep Mouse Total T Cell 
Isolation Kit (StemCell). Splenocytes from CD45.1+ mice were treated 
with mitomycin C (50 µg ml−1; Sigma) for 25 min at 37 °C, washed three 
times in RPMI with 1% FBS, pulsed with 4 µM GP33–41 (Anaspec) peptide 
for 2 h at 37 °C and washed twice. P14 cells and peptide-pulsed sple-
nocytes were co-cultured at a 1:10 ratio (1.8 × 105 T cells and 1.8 × 106 
splenocytes per well) in 1 ml complete media in 48-well plates at 37 °C, 
5% CO2. After 2 days, cells were pooled, centrifuged and resuspended 
at 106 cells ml−1 in complete media with 20 ng ml−1 recombinant mouse 
IL-2 (BioLegend), expanded in T25 flasks and used on day 3.

Human CD8+ T cell activation. PBMCs were isolated from whole blood 
using Ficoll-Paque PLUS Density Gradient Media (Cytiva) following the 
manufacturer’s instructions. CD8+ T cells were purified using EasySep 
Human CD8+ T Cell Isolation Kit (StemCell), washed and resuspended at 
106 cells ml−1 in complete media supplemented with 25 µl ml−1 of Immu-
noCult Human CD3/CD28 T Cell Activator (StemCell) and 20 ng ml−1 
recombinant human IL-2 (BioLegend). Cells were plated in 200 µl in 
flat-bottom 96-well plates at 5 × 105 cells well−1 and incubated at 37 °C, 
5% CO2. On days 3 and 6 post activation, cells were supplemented with 
fresh media and IL-2. Cells were loaded in collagen gels at 8 or 15 days 
post activation.

Collagen gels
Cell loading. Activated CD8+ T cells were washed, resuspended at 
1.6 × 107 cells ml−1 in FBS. The atelo-bovine collagen gels (Nutragen 
Solution, Advanced Biomatrix), telo-bovine collagen (TeloCol Solu-
tion, Advanced Biomatrix) and rat tail telo-collagen (RatCol Solution, 
Advanced Biomatrix) were prepared as follows in 12-well plates on ice. 
Atelo-bovine: 366 µl sterile molecular grade water, 33.3 µl neutraliza-
tion buffer (supplied by manufacturer), 333 µl Nutragen Solution, 
142 µl concentrated RPMI and 125 µl cell suspension (2 × 106 cells). 
Telo-bovine: 366 µl sterile molecular grade water, 33.3 µl neutralization 
buffer, 333 µl TeloCol Solution, 142 µl concentrated RPMI and 125 µl 
cell suspension. Telo-rat tail: 185 µl sterile molecular grade water, 50 µl 
neutralization buffer, 500 µl RatCol Solution, 142 µl concentrated RPMI 
and 125 µl cell suspension. Wells were gently mixed, gels polymerized 
at 37 °C, 5% CO2, and incubated for 24 h.

Cell treatment in collagen gels. For in-gel treatment of cells, drugs 
were mixed in concentrated RPMI and incorporated into gels. Final 
concentrations: α-TGFβ (Biolegend), 10 µg ml−1; recombinant (rm)  
TGFβ (Biolegend), 3 nM (ref. 44); DNA repair inhibitor NU7441  
(Cayman Chemical Company), 2 µM; cPLA2 inhibitor AACOCF3 (VWR), 
25 µM; YAP inhibitor verteporfin (Tocris), 125 nM; Myosin II inhibitor 
(S)-4′-nitro-blebbistatin (Cayman Chemical Company), 20 µM; F-actin 
polymerization inhibitor latrunculin B (Cayman Chemical Company), 
0.5 µM.
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Cell recovery. Each collagen gel was digested with 100 mg ml−1 
collagenase D (Sigma) at 37 °C with shaking for 30 min. Cells were 
resuspended in FACS buffer for flow cytometry or lysis buffer for 
RNA extraction.

Ex vivo T cell restimulation. CD8+ T cells were recovered from gels 
after 24 h, resuspended in complete media and stimulated with 
10 ng ml−1 phorbol 12-myristate 13-acetate (PMA; Sigma) and 1 µg ml−1 
ionomycin (Sigma) in the presence of brefeldin A (5 µg ml−1; BioLeg-
end) for 4 h at 37 °C, 5% CO2. An unstimulated control was incubated 
with brefeldin A only. Following restimulation, cells were washed and 
processed for flow cytometry.

Generation of ex-soft and ex-stiff cells. CD8+ T cells were recovered 
from collagen gels and resuspended at 106 cells ml−1 in complete media 
supplemented with 20 ng ml−1 recombinant mouse IL-2 (BioLegend). 
Cells were rested for 24 h in T75 flasks at 37 °C, 5% CO2, to generate 
ex-soft and ex-stiff T cell cultures.

ELISA of collagen gels. Active TGFβ levels were quantified using the 
LEGEND MAX Free Active TGFβ1 ELISA Kit with precoated plates (Bio-
Legend), according to the manufacturer’s instructions. Retinoic acid 
levels were quantified using the Mouse Retinoic Acid ELISA Kit (AFG 
Scientific) according to the manufacturer’s instructions. All inhibi-
tors/reagents and assay kits used are listed in Supplementary Table 4.

Intradermal cell transfer and tissue processing
Intradermal injection. CD8+ T cells were isolated from collagen gels 
after 24 h as described, with the following modification: cells were 
passed through a prerinsed LS column (Miltenyi) right after digestion 
to remove dead cells and debris, and then centrifuged at 100g. The iso-
lated CD8+ T cells were counted and resuspended at 1.5 × 108 cells ml−1 
in PBS and kept at 4 °C until injected. Mice were anesthetized using 
isoflurane, and their ears taped on a conical tube. Then 10 µl of cell 
suspension (1.5 × 106 cells) was intradermally transferred into each 
ear using a Hamilton Syringe (Sigma). Mice were euthanized 7 days 
post injection.

Tissue processing. Ears and ear-draining LNs were collected in 
cold RPMI on ice. Ventral and dorsal ear sheets were separated and 
digested in 1 ml digestion buffer for 45 min at 37 °C, with shaking 
(200 rpm); digestion was stopped with 500 μl FACS buffer. Ears 
were crushed through a 100-µm strainer, centrifuged, resuspended 
in 1 ml of FACS buffer and filtered through a 60-µm nylon mesh. 
dLN were crushed in microtubes using pellet pestles (Fisher Scien-
tific), centrifuged, resuspended in 1 ml of FACS buffer and filtered 
through a 60-µm nylon mesh. Suspensions were kept on ice for flow 
cytometry analysis.

Flow cytometry
Staining. Cells (2 × 106 cells well−1) were plated in 96-well V-bottom 
plates. Extracellular staining of cells was performed with fluorescently 
conjugated antibodies diluted in FACS buffer with a viability dye and 
either TruStain FcX (anti-mouse CD16/32 antibody, BioLegend) or 
Human TruStain FcX (Fc Receptor Blocking Solution, BioLegend) for 
20 min at 4 °C. For intracellular staining, cells were washed in PBS, 
fixed in 2% paraformaldehyde (PFA) for 30 min at 4 °C, washed in FACS 
buffer and stained with antibodies in FACS buffer supplemented with 
0.3% Triton X-100 for 60 min at 4 °C. Cells were washed, resuspended in 
200 µl FACS buffer and filtered over a 60-µm nylon mesh. All antibodies 
and viability dyes used are listed in Supplementary Table 4.

Acquisition. Samples were acquired on a LSRFortessa flow analyzer 
(BD Biosciences) or an Aurora spectral flow analyzer (Cytek). Data were 
analyzed with FlowJo software (BD Biosciences).

RNA-seq and RT–qPCR
RNA extraction was performed using the PureLink RNA Mini Kit (Invitro-
gen) following the manufacturer’s instructions. Typically, 2 × 106 CD8+ 
T cells were lysed when activated, 5 × 106 when naive. RNA concentra-
tion was quantified by a NanoDrop (Thermo Scientific). Isolated RNA 
was stored at −80 °C or converted to cDNA.

Bulk RNA-seq. Purified RNA was provided to the IRCM sequencing core 
facility (Quebec, Canada). RNA quality control was performed by Pico 
assay with a bioanalyzer (Agilent). RNA-seq libraries were prepared 
from 150 ng RNA per condition using the following kits: RiboCop rRNA 
Depletion Kit HMR (Lexogen), KAPA RNA HyperPrep Kit (Roche) and 
TruSeq DNA UDI 96 Indexes (Illumina). Libraries were sequenced on a 
NovaSeq 6000 System (Illumina) using a Flow Cell S2 (Illumina) and a 
paired-end run. At least 60 million paired-end reads were generated 
per sample. Reads were quality checked using FastQC and MultiQC and 
mapped to the GRCm38/mm10 Mus musculus genome using HISAT2. 
Alignment quality check was performed using Samtools Flagstat, 
FastQC, Picard Tools and MultiQC. Sequencing reads overlapping 
exons were counted using featureCounts. Differential gene expres-
sion analysis was performed using EdgeR (R Project63), filtering out 
low-expression genes using the filterByExpr function, and normalizing 
the read counts (calcNormFactors function). P values were corrected 
using the Benjamini–Hochberg method and only genes with an false 
discovery rate (FDR) <0.01 were considered statistically significant. 
No fold change (FC) threshold was set unless stated.

Two-step RT–qPCR. Reverse transcription of purified RNA was per-
formed using the High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) following the manufacturer’s protocol using 
500 ng RNA per 20 µl mix. The obtained cDNA was diluted five times 
with molecular grade water and stored at −20 °C. qPCR was performed 
on a StepOnePlus Real-Time PCR System (Applied Biosystems) using 
2 µl of diluted cDNA per well (10 ng) as template, the primers listed 
in Supplementary Table 5 and TaqMan Fast Advanced Master Mix 
(Applied Biosystems).

RNA-seq analyses
PCA and correlation matrices were built from CPM values using the 
prcomp function and the cor function (respectively) from the R statisti-
cal computing package, and ggplot2 and factoextra packages for data 
visualization63. Volcano plots were generated using the ggplot2 pack-
age. Heat maps were built from CPM values using pheatmap. CPM values 
were centered and scaled in the row direction. GSEAs were performed 
as previously described using sets defined by the Molecular Signatures 
Database (MSigDB) and default settings (including permutation by 
phenotype)64. TRM cell core gene sets were curated from ref. 35 (Fig. 4c) 
and are listed in Supplementary Table 2. T effector gene sets were from 
ref. 56 (Fig. 4f) and ref. 65 (Extended Data Fig. 4a). TGFβ-regulated 
genes in T cells were from ref. 44 (Extended Data Fig. 5d,e). Details on 
all other GSEA datasets are provided in figure legends. GO analysis 
was performed using Metascape66. Only genes that were significantly 
upregulated in the stiff condition (FDR <0.01 and FC >2) were included. 
Enriched clusters identified with less than 50 genes were filtered out.

Collagen gels and tissue stiffness measurements
Nanoindentation. Collagen gels were prepared and loaded in eight-well 
Lab-Tek chambers (600 µl well−1). Before measurement, PBS was added 
on top of the gels. Organs were collected, cleaned of fat and embed-
ded in agarose gels made of 5% agarose in complete RPMI. All organs 
were sectioned using a vibratome, except for lung tissues, which were 
not sectioned. Agarose pads with tissue sections were glued onto 
Petri dishes using Vetbond (3 M) and immersed in PBS. Stiffness was 
measured using a displacement-controlled nanoindenter (Piuma, 
Optics11 Life) coupled with a glass spherical probe with a radius of 
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25 µm and a spring constant of 0.025 N m−1 (for collagen gels, LN and 
spleens) or a glass spherical probe with a radius of 25 µm and a spring 
constant of 0.5 N m−1 (for all other organs) (Optics11 Life). Cantilever 
calibration was performed using a glass Petri dish before each series 
of measurements. Each collagen gel was indented at least nine times 
and at least 100 µm apart; each organ was indented nine times in a 3 × 3 
matrix 80 µm apart. At least two biological repeats were performed per 
organ. The indentation process consisted of a loading phase for 2 s at 
15 µm indentation depth, which was held for 1 s, and then an unloading 
phase for 2 s. The Young’s elastic modulus was calculated from single 
indentation measurements using the ‘Hertzian contact’ model setting. 
Organ or collagen stiffness was plotted as the mean value of all the 
measurements performed in each scan per mouse.

Rheology of collagen gels. Shear rheological characterization of 
the collagen gels was performed on modular compact rheometer 
(MCR-302, Anton Paar) set with a cone-and-plate geometry (CP-25, 
Anton Paar). For each measurement, 200 µl of ice-cold unpolymerized 
collagen mixture was loaded on a Pelletier plate set to 4 °C before low-
ering the cone-plate spindle to final position. Excess gel was removed, 
mineral oil was added to prevent dehydration and the Pelletier plate 
was set to 37 °C, which sets the beginning of the measurements. An 
oscillatory time-sweep (1% strain, 1 Hz) was conducted at 37 °C for 
15 min to measure the storage modulus (G′), loss modulus (G′′) and 
the loss angle. At the end of the isothermal gelation, a shear stress 
relaxation test was performed applying 20% shear strain within 1 s and 
maintaining the 20% strain while recording changes in shear stress 
for 2 min at 37 °C.

LCMV infection
Mice were infected intraperitoneally with 2 × 105 plaque-forming 
units of LCMV-Armstrong, originally provided by J. Harty (University 
of Iowa). For nanoindentation measurements, spleens were collected 
7 days post infection. To quantify memory T cell morphologies in 
tissues, CD8+ T cells were isolated from CD45.2+ LifeAct-nTnG mice, 
activated in vitro with CD3 + CD28 Ab as described, and expanded 
for 4 days; then 3 × 107 cells were adoptively intravenously trans-
ferred into CD45.1+ recipients. Recipients were infected with LCMV 
4 days before adoptive transfer. At 28 days post infection, lung, liver 
and spleen were collected and immediately placed into PLP buffer 
(0.05 M phosphate buffer, 0.1 M l-lysine, pH 7.4, 2 mg ml−1 NaIO4 
and 10 mg ml−1 PFA) for fixation. Organs were fixed overnight in PLP 
buffer followed by dehydration in 30% sucrose overnight. Tissues 
were frozen in Tissue-Tek O.C.T compound (VWR) and stored at −80 °C 
until sectioned into 30-μm slices with a cryostat (Epredia CryoStar 
NX50) set to −20 °C. Sections were incubated with blocking buffer 
(0.1 M Tris, 1% FBS, 0.3% Triton X-100, 1% gelatin from cold water fish 
scales) for 1 h then stained with a primary rabbit α-CD31 antibody (Cell 
Signaling Technology) overnight, followed by a goat α-rabbit AF514 
secondary antibody (Invitrogen). Tissue sections were incubated in 
blocking buffer with 1% rat serum for 1 h and subsequently stained with 
α-CD45.2 AF647 (Invitrogen) and DAPI (Sigma). Slides were mounted 
with ProLong Gold Antifade Reagent (Invitrogen, P36930) and kept at 
4 °C. Confocal images were acquired with a Zeiss LSM880 using a 40× 
plan-apochromat DIC oil immersion, NA 1.3 objective.

Imaging of cell migration in collagen gels
Live-cell imaging. Atelo-bovine collagen and rat tail telo-collagen 
was fluorescently labeled with AF647 as described12,67 and polymer-
ized in 150-µl gels that were transferred to custom-made 3D cham-
bers on glass slides. T cells used for live imaging were isolated from 
LifeAct-nTnG mice for activation. Gels were imaged on a Zeiss LSM880 
confocal microscope equipped with a Plan-Apochromat 20×/1.0 NA 
water immersion objective. Z stacks of 60 planes spaced by 2 µm were 
acquired every minute for 30 min. Positional coordinates of cells were 

extracted using the Surfaces tool of Imaris (v.10.0). The R package 
celltrackR (v.1.2.0) was used to plot cell tracks and compute migratory 
speeds from movies of cells migrating through collagen gels68.

Imaging of fixed gels. Collagen gels (50 µl) were transferred to 96-well, 
black, optically clear flat-bottom, tissue-culture treated plates (Perkin
Elmer). All reagents used for staining were slowly added on top of the 
gels and removed by inverting the plate. The staining protocol was as 
follows: fixation with 4% PFA for 1 h at 37 °C, PFA quenching with 0.15 M 
glycine in TBS for 1 h at room temperature, cell permeabilization with 
0.5% Triton X-100 and 5% rat serum in TBS for 2 h at room temperature, 
cell staining overnight at 4 °C (directly conjugated antibodies) or 4 h at 
room temperature (phalloidin and nuclear dyes), mounting by adding 
50 µl of Prolong Gold antifade reagent (Cell Signaling Technology), 
with three washes, 20 min each with TBS or 0.1% Tween in TBS between 
each step. Collagen gels were imaged with an inverted spinning-disk 
confocal microscope (Opera Phenix HCS, PerkinElmer) equipped with a 
40×, NA 1.1 water objective. Typically, images from 300 z planes spaced 
by 2 µm were collected.

For higher-resolution imaging, activated CD8+ T cells were resus-
pended at 1.2 × 108 cells ml−1 in FBS, mixed with collagen master mix 
in a Lab-Tek II Chamber Slide (Thermo Scientific, 154534PK) and incu-
bated for 24 h at 37 °C, 5% CO2. Gels were fixed with prewarmed 4% 
PFA for 30 min at room temperature, washed three times with PBS 
for 5 min, permeabilized with 0.2% Triton X-100 in PBS for 30 min at 
room temperature and blocked in 10% goat serum and 1% IgG-free 
BSA in PBS for 1 h at 4 °C. Between steps, gels were washed with 0.05% 
Tween-20 in PBS (PBST) three to five times for 5 min each. Sequential 
overnight staining at 4 °C was performed (exception Lamin A/C, Cell 
Signaling Technologies, 41357S; 24 h incubation) on a rocking shaker 
in the dark by incubating the gels in antibody diluent (2% IgG-free BSA 
and 0.1% Triton X-100 in PBS) containing a single antibody, followed 
by washes with 0.05% PBST between stains. Gels were stained with 
phalloidin-AF555 (Invitrogen) and Hoechst 34580 (0.5 µg ml−1, BD Bio-
sciences) for 1 h at room temperature in the dark. Gels were mounted 
on 35-mm glass-bottom dishes (Ibidi) and imaged within 24 h using a 
Leica Stellaris-8 automated inverted confocal microscope, equipped 
with a plan-apochromat 100×/1.40 oil STED White objective. Z stacks 
were acquired with 0.5-µm axial steps.

Under-agarose migration assay
Assays were performed as in ref. 12. KLF2–GFP T cells were labeled 
with Hoechst 34580 (0.5 µg ml−1; BD Biosciences) in PBS for 5 min at 
37 °C, washed with PBS and resuspended in phenol red-free complete 
media (107 cells ml−1) for loading into the first access port. CCL19 
(2 μg ml−1) was loaded into the second port. Cells migrated at 37 °C, 
5% CO2 for 3 h before imaging. To maintain viability, half the access 
port volume was replaced with phenol red-free complete media 
supplemented with rIL-2 (20 ng ml−1) at 5 h and 20 h post-loading. 
For unconfined migration, KLF2–GFP T cells (107 cells ml−1 in phe-
nol red-free cRPMI) were seeded on fibronectin-10 (Sigma)-coated 
35-mm glass-bottom dishes (prepared as above), with rIL-2 
(20 ng ml−1). Live cells were imaged at 3 h, 6 h and 24 h post-loading 
using a Zeiss Axio Observer Fully Automated Inverted Microscope 
(63× plan-apochromat, NA 1.40, oil, DIC objective) with a humidified 
stage top incubator (37 °C, 5% CO2).

Shape analysis
Processing of collagen gel images. Image stacks were volume ren-
dered in Imaris (Bitplane) and cells and nuclei were segmented using 
the Surfaces model. For shape analysis purposes we excluded cells 
that were not entirely captured, cell debris, cells forming doublets 
(diving cells and physical doublets), cells dying (identified by bleb-
bing morphology), tdTomato reporter leakage into the cytoplasm 
indicating nuclear envelope rupture, absence of phalloidin signal 
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(cytoplasm) or the absence of tdTomato signal (nucleus). The surfaces 
obtained for cells and nuclei were used to create a mask of viable single 
cells and nuclei. Three-dimensional masked images were converted 
to two-dimensional images by maximum intensity z projection and 
binarized in Fiji using the threshold function69.

Processing of tissue confocal images. Confocal z stacks were back-
ground subtracted in Fiji and segmented using the cellpose cyto3 
model70,71. Slice-by-slice (two-dimensional) segmentation was per-
formed with three-dimensional stitching using a stitch threshold (IoU) 
of 0.4. Cell masks and intensity images were linked using custom Fiji 
macros (provided by J. Ryan, Advanced BioImaging Facility) for shape 
parameter extraction, requiring cell appearance in ≥3 slices to exclude 
debris. For nuclear analysis, a >100-pixel intensity threshold removed 
nonspecific background objects. Only cells in the tissue parenchyma 
(determined by CD31 vascular staining) were included in the analysis.

PCA plot of shape descriptors. Shape descriptors were obtained from 
the two-dimensional binary images using both the Analyze Particle 
function in Fiji (parameters: Feret, MinFeret, AR, Round and Solidity) 
and the Analyze Regions from the MorphoLibJ library (parameters: 
Area, Perimeter, Circularity, Ellipse.Radius1, Ellipse.Radius2, Ellipse.
Elong, ConvexArea, Convexity, OBox.Length, OBox.Width, Geodesic-
Diameter, Tortuosity, InscrDisc.Radius, AverageThickness and Geo-
desicElongation). PCA was performed using prcomp (R stats package) 
and visualized with factoextra63.

Alkaline comet assay
Glass slides were precoated by dipping in 1% normal melting point aga-
rose (Invitrogen) in distilled water and dried overnight at room tem-
perature. CD8+ T cells isolated from soft and stiff gels (2 × 106 cells ml−1 
in PBS, 50 µl) were mixed with 450 µl of 1% low melting point agarose. 
Drops (50 µl) of cell–agarose mixture were placed onto precoated 
slides, covered with coverslips and refrigerated for 15 min. After cover
slip removal, slides were immersed in comet assay lysis buffer for 2 h 
at 4 °C in the dark, washed 3× 5 min each in cold electrophoresis buffer 
and incubated in the same buffer for 20 min in the electrophoresis 
chamber. Alkaline electrophoresis was run at a 1 V cm−1 for 30 min 
at 4 °C in the dark. The current was adjusted to 300 mA as needed. 
Slides were washed once in neutralization buffer (5 min), twice in 
distilled water (5 min each) and once in 70% EtOH (5 min) at room tem-
perature, then air dried. DNA was stained with SYBR Gold (Invitrogen, 
1:10,000 in TE) for 20 min at room temperature in the dark, washed 
in distilled water and imaged using an epifluorescence microscope 
with a 10× objective.

Statistical analyses
Data are reported as scatter plots or box plots (center lines, medians; 
boxes, quartiles; whiskers, min to max) with all data points shown. Sam-
ple sizes, numbers of independent experiments and summary statistics 
are specified in figure legends. Nonparametric statistical tests were 
used throughout. Statistical comparisons were performed in Prism 
(GraphPad); tests are indicated in figure legends. Significance was 
defined by P < 0.05 and reported as *0.01 < P < 0.05, **0.001 < P ≤ 0.01 
or ***P ≤ 0.001.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Further information and requests for resources and source data should 
be directed to and will be fulfilled by the lead contact, J.N.M. RNA-seq 
data can be accessed in NCBI Gene Expression Omnibus (accession no. 
GSE278556). This study did not generate unique reagents.
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Extended Data Fig. 5 | TGFβ does not drive the mechano-induced TRM-like 
phenotype. a, Simplified schematic of the TGFβ-receptor signaling pathway. 
b, GSEA of SMAD3 and SMAD4 signatures from MSigDB #M6325 and #M18670, 
respectively, enriched in genes from RNA-seq of CD8+ T cells migrating in soft  
(2 mg ml-1 atelo-bovine) or stiff (2 mg ml-1 telo-rat tail) collagen for 24 h.  
c, Quantification of the concentration of free active TGFβ in soft vs stiff collagen 
gels with CD3 + CD28 Ab activated CD8+ T cells (n = 3 mice) left untreated or 
treated with α-TGFβ or recombinant murine (rm) TGFβ for 24 h. Samples were 
defined as non-detectable (n.d.) when the absorbance was below that of the 
lowest standard (7.8 pg/ml). d, Venn diagram showing the intersection between 
stiffness-regulated significant DEGs identified by RNA-seq (FDR < 0.01, n = 3 

mice) and the TGFβ-regulated genes (ref. 44). e, Expression fold change of the 
genes regulated both by stiffness and TGFβ (purple area in the Venn diagram in 
(d)). A total of 491 genes are correlated (regulated by TGFβ and stiffness in the 
same direction, darker purple data points) while 136 genes are anti-correlated 
(lighter purple data points). Red line indicates identity line. f,g, Expression of 
Hpgds and Nr4a2 (f), Osgin1, Cdh1, Arhgef18, and Cdc25b (g), by RT-qPCR in CD8+ 
T cells (n = 3 mice) migrating for 24 h in soft vs stiff gels left untreated or treated 
with α-TGFβ or rmTGFβ as in c. h, Quantification of retinoic acid by ELISA in  
3 mg ml-1 atelo-bovine collagen, 3 mg ml-1 telo-bovine collagen, and 2 and  
3 mg ml-1 telo-rat tail collagen. Technical replicates (n = 2).
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Extended Data Fig. 6 | Lamin A/C upregulation and TRM cell-like phenotype 
are not abrogated by Talin1- or YAP/TAZ-deficiency, or by cPLA2 inhibition.  
a-d, CD8+ T cells activated with CD3 + CD28 Ab (n = 4 mice) were embedded in 
soft (2 mg ml−1 atelo-bovine) or stiff (2 mg ml−1 telo-rat tail) collagen for 24 h  
with or without the YAP inhibitor verteporfin, and expression of lamin A/C (a), 
CD62L (b,c), and ICOS (d) measured by flow cytometry. e-h, Tat-cre-treated  
Yap1fl/flWwtr1fl/fl (YAP/TAZ dKO) or Tat-cre-treated Yap1+/+Wwtr1+/+ (wild-type) 
CD8+ T cells activated with CD3 + CD28 Ab (n = 4 mice/genotype) were embedded 
in 2 mg ml−1 atelo-bovine, 2 mg ml−1 telo-bovine, or 2 mg ml−1 telo-rat tail collagen 
and expression of lamin A/C (e), CD62L (f-g), and ICOS (h) measured by flow 
cytometry. i-k, Tat-cre-treated talin1fl/fl (Talin cKO) or talin1+/+ (wild-type) CD8+ 

T cells were activated and embedded in collagen (n = 4 mice/genotype) as in 
e-h, and expression of lamin A/C (i), CD62L ( j), and ICOS (k) measured by flow 
cytometry. l-o, WT CD8+ T cells (n = 4 mice) were embedded in soft or stiff gels as 
in a-d, with or without the cPLA2 inhibitor AACOCF3, and expression of lamin A/C 
(l), CD62L (m-n), and ICOS (o) measured by flow cytometry. Error bars represent 
median ± min/max with box boundaries denoting 25th and 75th percentiles 
(a-o); each data point is from an individual mouse; RFIs are normalized to the 
atelo-bovine collagen mean. Statistical tests: Wilcoxon (a-d, l-o); ANOVA with 
Dunn’s multiple comparisons test (e-k); all statistical tests were two-sided; ns, 
non-significant.
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Extended Data Fig. 7 | TRM cell-like phenotype is not abrogated by lamin A/C-
deficiency or myosin II inhibition. a, Confocal images of DMSO- or blebbistatin-
treated CD3 + CD28 Ab activated CD8+ T cells migrating through stiff (2 mg ml−1  
telo-rat tail) collagen gels for 6 h; 3 representative cell examples shown per 
group (n = 3 mice). b-d, CD8+ T cells activated with CD3 + CD28 Ab (n = 7 mice, 
pooled from 2 independent experiments) were embedded in soft (2 mg ml−1 
atelo-bovine) or stiff (2 mg ml−1 telo-rat tail) collagen for 24 h with or without the 
myosin II inhibitor blebbistatin, and expression of lamin A/C (b), ICOS (c), and 
CD62L (d) measured by flow cytometry, RFI normalized to the soft condition 
mean. e, Expression of S1pr1, Hic1, Wwtr1, Yap1, Tead1, and Klf2 was determined by 
RT-qPCR in CD8+ T cells (n = 4 or 7 mice, pooled from 2 independent experiments) 
as in b-d. f, Cell tracks from live cell microscopy data of CD8+ T cells (n = 2 mice) 
activated with CD3 + CD28 Ab migrating in soft (n = 73 cells) vs stiff (n = 59 
cells) collagen, or treated with latrunculin B in stiff collagen (n = 61 cells) for 

30 min 8 h after being embedded in collagen. Cell tracks are shown from one 
representative experiment. g, CD8+ T cells activated with CD3 + CD28 Ab (n = 4 
or 7 mice, pooled from 2 independent experiments) either untreated or treated 
with latrunculin B as in f, and percent live cells measured after 24 h of migrating in 
collagen gels by flow cytometry. h-k, WT or Lmna cKO CD8+ T cells were activated 
with CD3 + CD28 Ab (n = 7 mice, pooled from 2 independent experiments) and 
embedded in soft vs stiff collagen for 24 h. Expression of ICOS (h), CD62L (i), and 
Runx3 ( j) was measured by flow cytometry, RFI normalized to the soft condition 
mean. Expression of S1pr1, Hic1, Wwtr1, Yap1, Tead1, and Klf2 (k), was determined 
by RT-qPCR. In all quantification plots, each data point is from an individual 
mouse. Error bars are median ± min/max with box boundaries denoting 25th and 
75th percentiles (b-d, g-k). Statistical tests: Mann-Whitney (b-e, g); ANOVA with 
Dunn’s multiple comparisons test (h-k); all statistical tests were two-sided; ns, 
non-significant; **P < 0.01; ***P < 0.001.
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Extended Data Fig. 8 | Analysis of adoptively transferred effector CD8+ T 
cell phenotype and shape across tissues. a, Percent and number of CD62Llo 
cells derived from the CD8+ T cells preconditioned in soft vs stiff collagen, 
adoptively transferred intradermally and then retrieved from ear pinnae (n = 9 
mice, pooled from 2 independent experiments) 7 days post transfer. b, CD45.2+ 
nTnG T cells were activated with CD3 + CD28 Ab, expanded with IL-2 and on day 
4 after activation adoptively transferred into CD45.1+ recipients infected with 
LCMV 4 days prior. Spleen, lung and liver were harvested 28 days post infection 
and imaged by confocal microscopy after staining for CD45.2. Representative 
z-slices are shown (n = 2 mice; 2 lung, 2 spleen and 2 liver sections were imaged 

per mouse). c, PCA of nuclear shape descriptors of CD45.2+ nTnG T cells in 
parenchyma of spleen (n = 150 nuclei), lung (n = 64 nuclei), and liver (n = 33 
nuclei) from experiment in b. 95% confidence intervals (CI) of standard errors 
of the mean are shown for each tissue. d, Quantification of nucleus shape 
parameters across tissues as in c; data points are individual cells; medians are 
shown (a, d). Error bars are median ± min/max with box boundaries denoting 
25th and 75th percentiles (a). Statistical tests: Mann-Whitney (a); ANOVA with 
Tukey’s multiple comparisons (d); all statistical tests were two-sided; ns, non-
significant; **P < 0.01.
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