


 
 

Figure 5: Incorporation of the RhoA(Q63L) enhances CAR T cell motility and carcinoma engagement. 

A. Migration of RhoA(Q63L) modified and control mesoCAR T cells in 3D collagen matrices. Migration 
trajectories are overlaid on time-lapse images and color-coded by total distance traveled (blue, short; red, long). 
RhoA(Q63L) modified CAR T cells display increased motility and more persistent movement. 

B. Quantification of mesoCAR T-cell motility coefficients in 3D collagen matrices. RhoA(Q63L) modified 
CAR T cells exhibit significantly higher motility coefficients than control CAR T cells. 

C. Quantification of 2D cytotoxicity. mesoCAR and mesoCAR RhoA(Q63L) modified T cells. Both CAR T-
cell groups show similar increases in target-cell killing with increasing effector ratios. 
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D. Multiphoton images of mesoCAR and mesoCAR RhoA(Q63L) modified T cells migrating and interacting 
with AsPC-1 cells in 3D collagen matrices. Colors: green, T cells; red, AsPC-1 cells; gray, collagen fibers. 

E. Quantification of T-cell–AsPC-1 interaction events per T cell for mesoCAR, and mesoCAR RhoA(Q63L) 
modified T-cell groups in 3D collagen matrices. 

F. Quantification of T-cell–AsPC-1 interactions events per carcinoma cell for mesoCAR and mesoCAR 
RhoA(Q63L) modified T-cell groups in 3D collagen matrices. 

G. Quantification of mesoCAR and mesoCAR RhoA(Q63L) modified T-cell motility in collagen matrices 
containing AsPC-1 cells. 

H. Quantification of mesoCAR and mesoCAR RhoA(Q63L) modified T-cell motility in collagen regions 
lacking AsPC-1 cells. 

I. Multiphoton microscopy images showing the cumulative area explored by mesoCAR, and mesoCAR 
RhoA(Q63L) modified T cells in AsPC-1–embedded 3D collagen matrices. Overlaid tracks and projected 
cumulative areas over 90 min are shown (red, AsPC-1 cells; yellow, T-cell area coverage). 

Data are presented as mean ± s.e.m. Statistical comparisons were performed using unpaired two-tailed t-tests 
with Welch’s correction. 
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Figure 6:  Q63L modification enhances CAR T-cell infiltration and tumor suppression. 

A. Schematic of the experimental design. AsPC-1 cancer cells and human CAFs (1:2 ratio) embedded in 3 
mg/mL collagen gels were orthotopically implanted into the pancreas of NSG mice (Day –18). Tumor 
progression was monitored by MRI on Days –6, 0, and 8. On Day 1, mice (n = 4 per group) received 
intraperitoneal injections of mesoCAR T cells, mesoCAR Q63L modified T cells, or no–T-cell vehicle control. 

B. Representative MRI images of tumors at Days –6, 0, and 8 for each treatment group. Tumors were outlined 
and color-coded by group: green, control; blue, mesoCAR; red, mesoCAR Q63L modified. 

C. Tumor-volume trajectories across time.  

D. Quantification of changes in tumor volume after treatment.  
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E–F. Flow-cytometry analysis of digested tumors showing the number (E) and percentage (F) of CAR T cells 
among all live cells. The mesoCAR Q63L modified group displays a significantly higher number of infiltrating 
CAR T cells relative to mesoCAR. 

G. Representative immunofluorescence images of FFPE tumor sections stained for pan-cytokeratin (green; 
tumor), RQR8 (red; CAR T cells), and DAPI (blue; nuclei). mesoCAR Q63L modified T cell–treated tumors 
show increased intratumoral CAR T-cell presence. Scale bar, 100 μm. 

H. Quantification of CAR T cell numbers per field of view in tumor immunofluorescence sections. 

Data are presented as mean ± s.e.m. Statistical significance was determined using one-way ANOVA with 
Tukey’s post hoc test. For all pairwise comparisons, unpaired two-tailed t-tests with Welch’s correction were 
used. 
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Supplementary Figure 1: Wild-type CD8+ T cell migration is limited in PDA TMEs.
(A) Distribution of wild-type murine CD8+ T cell motility coefficient in tumor slice (pink) and 3D collagen 
matrices (purple). (B) Representative images showing spatial sampling by T cells in live mouse PDA 
tumor slice (1 hours) and in 3D collagen matrix (1 hour). Brighter color indicates higher T cell 
presence. (C) Quantification of total area covered per field of view overtime by CD8+ T cells in tumor 
slice (Left, 1 hour) and in 3D collagen matrix (right, 1 hour). Data are presented as mean ± s.e.m. 
Statistical comparisons were performed using unpaired two-tailed t-tests with Welch’s correction.
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Supplementary Figure 2: Human RhoA(Q63L) modified T cells are more migratory. (A) Expression of 
constitutively active Rho results in  (A)  less confined migration, (B) increased  displacement, (C) mean 
speed, and (D) total distance traveled (D). Data are presented as mean ± s.e.m.; statistical significance 
was determined using unpaired two-tailed t-tests with Welch’s correction.
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Supplementary Figure 3: Mouse CD8+ T cells expression constitutively active Rho have higher 
motility in 3D matrices. (A) Representative multiphoton time-lapse images of murine RhoA(Q63L) and 
control CD8⁺ T cells migrating in 3D collagen matrices. Cell trajectories are overlaid and color-coded by 
total distance traveled (blue = short; red =long). Images were acquired every 1 min for 1 h. Colors: green, 
T cells; gray, collagen fibers. (B) Motility coefficient of murine RhoA(Q63L) and control CD8⁺ T cells 
migrating in 3D collagen matrices. Each dot represents an individual tracked T cell. (C) Total distance 
traveled by murine RhoA(Q63L) and control CD8⁺ T cells in 3D collagen matrices. Each dot represents an 
individual tracked T cell. (D) Average circularity of murine RhoA(Q63L) and control CD8⁺ T cells in 3D 
collagen matrices during the imaged period. A value of 1.0 indicates a perfect circle, and the value 
approaches 0 for elongated cells. (E) Cell size of murine RhoA(Q63L) and control CD8⁺ T cells in 3D 
collagen matrices measure using particle analyzer in FĲI. Data are presented as mean ± s.e.m.; statistical 
significance was determined using unpaired two-tailed t-tests with Welch’s correction.
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Supplementary Figure 4: Characterization of mesoCAR and mesoCAR RhoA(Q63L) T 
cells by flow cytometry and RhoA activation assays. (A) Schematic representation of 
vector constructs encoding mesothelin-targeted CAR (mesoCAR) T cells with or without the 
RhoA(Q63L) mutation. (B)Representative flow cytometry data of purified mesoCAR RQR8+ T 
cells using PE -conjugated anti-CD34 (QBend10) antibody. (C) Western blots of whole cell 
lysate and RhoA-GTP pulldown samples with RBD beads with antibodies of RhoA and β-actin. 
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Supplementary Figure 5: Increased motility of human mesoCAR RhoA(Q63L) CAR T cells in 3D 
collagen matrices. (A) The mesoCAR RhoA(Q63L) cells showed increased displacement, (B) mean 
speed, and (C) less confined movement.
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Supplementary Figure 6: 2D cytotoxicity. MesoCAR and mesoCAR RhoA(Q63L) T cells were co-
cultured with AsPC-1 at varying effector-to-target ratios. The percentage of viable AsPC-1 cells is 
shown relative to no-T-cell controls. 
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The Smoluchowski limit of immune cell mediated killing 
 
To execute their antitumoral and infection-clearing function, cytotoxic T cells need to come into direct 
physical contact with cancer/infected cells. Thus, a key step in the immune response to tumors (and 
infections) is the physical migration of T cells through tissues containing cancer/infected cells to 
locate, contact, and kill cancer/infected cells. In the case where the target cells are sparsely 
distributed (diffusely infiltrated) in the tissue, the process of simply finding target cells can potentially 
become onerous and extremely time consuming, thus permitting cancer cells more time to proliferate 
and migrate. At some point the T cells will not be able to contain the tumor and spreading will proceed 
beyond the immune system’s ability to control it. Determining the factors that limit the rate of collision 
between T cells and cancer cells is important to optimizing T cell function in diffusely infiltrative 
tumors.  
 
The immune response can be described as a process of collision between two (approximately) 
diffusing particles, the cancer cell and the T cell. Assuming that these particles can be approximated 
as spheres whose migration is modeled as a random walk, we can apply diffusion theory to estimate 
the average time that a T cell spends looking for (hunting) a cancer cell before contact. The 
association rate constant, kon (units:M-1 s-1) for diffusing spheres is given by (Smoluchowski, Z. Phys. 
Chem., 1917; Schlosshauer and Baker, Prot Sci, 2004) 
 

𝑘!" = 4𝜋(𝐷# + 𝐷$)(𝑅# + 𝑅$)    (Eq. 1) 
 
where DT and DC are the random motility coefficients of the T cells and cancer cells (units m2/s), 
respectively, and RT and RC are their radii. Given our estimates of the random motility coefficients 
and radii of the rhoA-WT T cells and cancer cells in our experiments, we estimate  
 

𝑘!" = 4𝜋 *82 𝜇𝑚
%

𝑚𝑖𝑛1 + 50𝜇𝑚
%

ℎ1 5 (4.5	 + 8.5	µm)  (Eq. 2) 
 
 

𝑘!" = 4𝜋 *82.83 𝜇𝑚
%

𝑚𝑖𝑛1 5 (13	µm)    (Eq. 3) 
 
 

𝑘!" = 13532 𝜇𝑚
&

𝑚𝑖𝑛1   .    (Eq. 4) 
 
From this analysis, it is evident that the association rate constant is controlled by the T cells rather 
than the cancer cells, since the migration speed of the former is more than an order of magnitude 
greater than that of the latter. 
 
The concentration of cancer cells in our experiments is estimated to be 
 

𝑐'("')* = 35	𝑐𝑒𝑙𝑙𝑠
@(572	µm)%(100	µm)BC = 1.07	x	10+,cells/µm&	 (Eq. 5) 

 
where the spatial dimensions are given by the spatial dimensions of the volume containing 35 cancer 
cells given by the xy dimensions of the field (572 µm)2 and the z depth of the z-stack (100 µm). Thus, 
the pseudo-first order rate constant for meso CAR T cells contacting cancer cells at this cancer cell 
concentration is given by 
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𝑘!"
∗ = 𝑘!"𝑐'("')* = 		0.0145	𝑚𝑖𝑛+. .   (Eq. 6) 

 
 
Equivalently, it can be stated that the average time that a T cell migrates before contacting a cancer 
cell, <t>, under these conditions is given by 
 

〈𝜏〉 = 1
𝑘!"

∗1 		= 69.1	min		     (Eq. 7) 
 
meaning that T cells spend 69.1 min, on average, searching for a cancer cell to kill before they 
actually contact one. Given that the average dwell time of a mesoCAR T cell in contact with a cancer 
cell is 9.3 min, the average fraction of the time that an average mesoCAR T cell would spend 
searching is given by 
 

f = 69.1	𝑚𝑖𝑛
(69.1 + 9.3	𝑚𝑖𝑛)1 		= 0.882		     (Eq. 7) 

 
so that we estimate mesoCAR T cells spend about 88% of their time searching for cancer cells and 
only 12% of it in contact, hopefully killing the cancer cell (assuming that contact events always lead 
to killing, which may be optimistic). This estimate means that T cells under normal conditions may 
very well be limited in effectiveness in responding to solid tumors by the shear amount of time they 
spend searching for them, implying that greater T cell motility, as we observed for mesoCAR 
Rho(Q63L) T cells would make the T cells more therapeutically effective.  
 
Repeating the above calculations for mesoCAR Rho(Q63L) T cells, which we found were faster than 
mesoCAR T cells (139 µm2/min vs 82 µm2/.min), we find the pseudo-first order rate constant for 
mesoCAR Rho(Q63L) T cells contacting cancer cells at this cancer cell concentration is given by 
 

𝑘!"
∗ = 𝑘!"𝑐'("')* = 		0.0243	𝑚𝑖𝑛+. .   (Eq. 8) 

 
 
Correspondingly, the average time that a mesoCAR Rho(Q63L) T cell migrates before contacting a 
cancer cell is given by 
 

〈𝜏〉 = 1
𝑘!"

∗1 		= 41.2	min		  .   (Eq. 9) 
 
meaning that mesoCAR Rho(Q63L) T cells spend about 41.2 min, on average, searching for a 
cancer cell to kill before it contacts one. Given that the average dwell time of a mesoCAR Rho(Q63L) 
T cell in contact with a cancer cell is 21.5 min, the average fraction of the time that a mesoCAR 
Rho(Q63L) T cell would spend searching is given by 
 

f = 41.2	𝑚𝑖𝑛
(41.2 + 21.5	𝑚𝑖𝑛)1 		= 0.658		  .   (Eq. 10) 

 
so that we estimate mesoCAR Rho(Q63L) T cells spend about 66% of their time searching for 
cancer cells and 34% in contact with them. This estimate means that mesoCAR Rho(Q63L) T cells 
are expected to be much more effective in responding to sparsely distributed cancer cells, by virtue 
of the reduced amount of time they spend searching for them, compared to mesoCAR T cells. 
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