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Figure 9. Eight days of anti-PD-L1 blockade increased T cell density around 

tumors, but did not affect expression of T cell activation markers. A) Activated 

(IL2p8-GFP, green) and non-activated (CD2-RFP, red) T cell densities were 

enumerated from micrographs taken of MCA fibrosarcoma tumor nodules (blue) 

from untreated mice (left) or mice receiving αPD-L1 antibody (right).  Micrographs 

show characteristic swarming of T cells around tumor nodules.   Quantification of T 

cell density around tumors reveals significantly higher densities of non-activated T 

cells (red in micrographs) around tumor nodules from treated mice compared to 

tumor nodules from untreated mice.  No significant difference in activated T cell 

density (green in micrograph) nor the ratio of activated to non-activated T cells 

around tumor nodules could be seen.  Images were acquired using a 20X objective 

(0.70 NA) Z-step = 2 µm.  B)  To look for the presence of CD4+ and CD8+ T cells 

within the lungs, FACS analysis was performed on CD2-RFP mice.  RFPhigh cells 

were gated and analyzed for CD4 and CD8 expression (far left plots). Eight days of 

anti-PD-L1 therapy did not significantly alter the presence of CD4 or CD8 T cells, nor 

the ratio of CD8 to CD4 T cells within the lung. C)  Eight days of antibody therapy did 

not significantly alter expression of PD-1, CD69, or ICOS on CD 4+ T cells.  D) 

CD8+ T cell expression of PD-1, CD69, and ICOS were also not significantly altered 

by 8 days of anti-PD-L1 blockade therapy. Analysis was performed on a total of n=6 

mice per group using a Mann-Whitney U-Test. Error bars represent mean +/- 

standard deviation. ** = p< 0.01, ns= not significant.     
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4. T cell dynamics in the tumor microenvironment 

4.1 Assessment of dynamic behavior patterns in the tumor microenvironment. 

Taking into consideration that the activation state of T cells in the tumor 

microenvironment did not correlate with the responsiveness of tumors to PD-L1 

blockade therapy, we next hypothesized that PD-L1 immunotherapy in fact altered T 

cell behavior patterns in the tumor microenvironment which would account in part for 

tumor rejection.  In order to test this hypothesis MCA/mcer fluorescent fibrosarcoma 

tumors were injected into mice expressing the transgenes for activated T cells 

(IL2p8-GFP+), non-activated T cells (CD2-RFP+), and dendritic cells (CD11c-YFP+) 

(see methods) in order to explore the dynamic interplay between these immune cells 

and the tumor.  Immune cell interactions in the tumor microenvironment were very 

heterogeneous. (Supplementary Movie 1, see Appendix).  Dendritic cells exhibited 

little translational motion and tended to cluster around the tumor while both activated 

and non-activated T cells exhibited an amalgam of different behavioral modalities. 

Some T cells clustering around dendritic cells, while other T cells moved around the 

periphery of the tumor and yet others did not interact at all with the tumor nodule.  

After eight days of anti-PD-L1 blockade, immune cells in the tumor 

microenvironment moved in dynamic behavior patterns similar to those seen in 

untreated mice (Supplementary Movie 2, see Appendix).  Tracking software, used 

to probe deeper into motility parameter analysis (81) (Figure 10A),  revealed that  

the  mean velocity (Figure 10B) of pooled activated T cells stood at 1.26 μm/min.,     

matching the mean velocity of  pooled non-activated T cells from tumor bearing mice  

(p = 0.9355).  However, after eight days of anti-PD-L1 immunotherapy, pooled 
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activated T cells exhibited a median velocity of 1.08 μm/min and pooled non-

activated T cells showed a median velocity of 1.32 μm/min (p = 0.0011). Our data 

suggested that PD-L1 blockade may have small effects on T cell behaviors in the 

tumor microenvironment which require deeper analysis of T cell interactions in order 

to elucidate mechanisms by blockade influence tumor immune surveillance. 
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Figure 10. 
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Figure 10. Analysis of T cell migration velocities in lung tumors in vivo in 

response to anti-PD-L1 antibody. A) Fluorescent lung tumors from anesthetized 

mice bearing the CD2-DsRed, IL2p8-GFP, and CD11c-YFP transgenes were 

imaged for one full hour (20X objective, NA 0.70, sequential laser scanning, z-step = 

2 μm) after receiving one week of anti-PD-L1 antibody or PBS as a control.  

Individual cells were tracked over time and several different motility parameters were 

derived. B) Pooled median velocity was similar between activated (IL2-p8-GFP+) T 

cells and non-activated (CD2-DsRed) T cells (left graph).  However, after one week 

of anti-PD-L1 therapy, a significant difference in mean velocity between activated 

and non-activated T cells was seen (right graph). Analysis was performed on a 

minimum of three movies per group. Statistical significance was determined using a 

Mann-Whitney U-Test. Circles indicate individual cells.  Bars indicate median values. 

**= p<0.01, ns = not significant.         
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4.2 T cells remained confined in the tumor microenvironment during PD-L1 

blockade 

Next, we investigated the effect of PD-L1 blockade on the populations of 

activated and non-activated T cells. After eight days of therapy, the pooled median 

velocity of activated T cells was similar to activated T cells from control mice (p = 

0.1246) as were arrest coefficients (p = 0.7242) (Figure 11A).  Spider-plots of T cell 

tracks (Figure 11B, D) revealed that activated T cell tracks from either treated or 

untreated mice  were densely confined around a point of origin, traveling no more 

than a few T cell lengths (Figure 11B).  

Similar to activated T cells, the median velocity of pooled non-activated T 

cells after eight days of therapy was comparable to the median velocity of untreated 

controls (p = 0.4647) (Figure 11C).  However, the arrest coefficients of non-

activated T cells were reduced after eight days of anti-PD-L1 therapy (p = 0.0321) 

(Figure 11C).  Analogous to activated T cells, spider-plots of non-activated T cell 

tracks revealed heavy confinement (Figure 11D). However, low median velocities 

(less than 2 μm/min) and high median arrest coefficients (greater than 0.75) along 

with evidence of limited motility from spider plots led us to hypothesize that T cells 

were heavily engaged in interactions in the tumor microenvironment.  Upon further 

investigation of potential targets of engagement, we found that T cell tracks 

overlapped in large part with DC in the tumor microenvironment (Figure 11E).   

Together these data suggested that both activated and non-activated T cells in the 

tumor microenvironment engage in tightly confined motility patterns, with DC being a 

potential focus of confinement.  
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Figure 11. 
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Figure 11. 
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Figure 11. T cells were confined in the tumor microenvironment. A) The median 

velocity (left) and arrest coefficients (right) of pooled activated T cell were 

unchanged after 8 days of anti-PD-L1 therapy. B) Activated T cells from both treated 

and untreated mice were densely confined in the tumor microenvironment as 

indicated from spider-plots which indicated that T cells travel no further than a few T 

cell lengths. C) The median velocity (left) of pooled non-activated T cells was not 

significantly altered by therapy, however, arrest coefficients (right) from the pool of 

non-activated T cells were significantly lower after 8 days of PD-L1 blockade 

therapy. D) Non-activated T cells traveled only short confined distances as indicated 

by spider-plot analysis. E)  Confined T cell motility patterns overlapped with CD11c-

YFP+ dendritic cells within the tumor microenvironment (white arrows). Images 

taken using a 20X objective (NA 0.70, z-step = 2 µm) Motility analysis performed on 

a minimum of 3 independent experiments. Statistical significance was determined 

using a Mann-Whitney U-Test. Bars indicate median values.  ** = p<0.01, ns = not 

significant.    
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4.3 Non-activated T cells interacted preferentially with dendritic cells during    

PD-L1 blockade. 

 We next hypothesized that confined T cell motility patterns correlate to 

interactions with various types of cells in the tumor microenvironment.  Furthermore, 

PD-L1 blockade would modulate these interactions, leading to enhanced tumor 

surveillance and tumor killing.  To explore this hypothesis, we developed an image-

analysis based method which allowed us to define T cell interactions and quantify 

what types of cells with which T cells interacted.   

 In order to quantify T cell interactions in the tumor microenvironment using an 

imaging-based approach, we employed the Leica Application Suite to process 

images (see methods). Maximum intensity time projections (MITPs) were 

thresholded to represent all areas where a cell visited during a motility recording. 

(Figure 12A, left micrograph) Average intensity time projections (AITP) were 

thresholded to an intensity value of 43; representing sites were cells persisted for 10 

or more minutes (Figure 12A, right micrograph).  MITPs and AITPs were then 

merged into a single image (Figure 12A, bottom micrograph).  Areas of 

fluorescence overlap (yellow) indicate sites of cellular persistence.  Each cell in the 

micrograph was then carefully enumerated (Figure 12B).  Large areas of 

overlapping fluorescence were carefully analyzed in the original MITP to find the 

exact number of cells contained in the overlapping section (Figure 12B, left 

micrograph).  
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Next, each merged image was compared to the original movie file in order to 

correlate areas of persistent confinement with potential cellular targets in close 

proximity.  Cellular persistence was classified as an interaction in close proximity 

with either: DC only, with tumor only, with DC and tumor, or with neither DC nor 

tumor.  To reiterate, an interaction was defined as a T cell with overlapping 

fluorescence in the merged image (yellow) in close proximity (within one T cell 

length) of an interacting partner.  T cell interactions were then categorized and 

enumerated for both activated and non-activated T cells taken from one hour 

recordings of T cell motility around tumor nodules from either untreated mice or mice 

treated for 8 days with PD-L1 blocking antibody (Figure 12C). T cells with no 

overlapping fluorescence (1, 2, 3 in 12C) did not make stable engagements and left 

the viewing area (Supplementary movie 3, see appendix) and did not count 

toward T cell interactions.  T cells also made stable interactions with non-DC/non-

tumor cells (6, 7, 8 in 12C), with DC only (26, 27, 31, 35), or with both DC and tumor 

(19, 40 in 12C) (see Supplementary Movie 3 in appendix for clarification).      

By  quantifying the percent of T cells in each image sequence with persistent 

interactions in each target category, we found that 40-50% of both activated and 

non-activated T cell interactions occurred with both DCs and the tumor (Figure 

12D). Non-activated T cells appeared to interact slightly more than activated T cells 

with neither tumor nor DC.   

Next we sought to determine whether eight days of anti-PD-L1 blockade 

therapy had any effect on the T cells making stable interactions with either dendritic 

cells or the tumor itself.  While activated T cells made similar preferential interactions 
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with DC and tumor targets during PD-L1 treatment compared to controls, (Figure 

12E, left panel), non-activated T cells made more preferential interactions with DC 

partners when treated with anti-PD-L1 blocking antibody, (19% vs. 35% p = 0.0286) 

(Figure 12E right panel). 

While it appeared that non-activated T cells made more preferential 

interactions with DC during anti-PD-L1 therapy, this affect could simply have been 

caused by an effect of PD-L1 blockade the ability of DC to engage the tumor. To 

explore this possibility, we analyzed DC contacting the tumor in both untreated and 

anti-PD-L1 treated mice.  On average, 58% of DC were in contact with the tumor, 

and anti-PD-L1 blockade therapy did not significantly release DC from tumor 

engagements (p = 0.3429) (Figure 12F).  Our data show that while activated T cells 

had no significant preference for interacting partner during anti-PD-L1 blockade, 

non-activated T cells greatly preferred DC-only interactions in the tumor 

microenvironment during blockade. This suggested that non-activated T cells may 

be making more positive engagements with DC, perhaps to gain activation signals 

as opposed to tumor-killing interactions at the tumor site.  
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Figure 12.  
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Figure 12. 
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Figure 12. Quantification of T cell interactions in the tumor microenvironment. 

A) T cell interactions in the tumor microenvironment were quantified using the Leica 

Application Suite image processing software. Maximum intensity time projections 

(MITPs) represent areas where T cells visited throughout the entire image 

sequence. Average intensity time projections (AITPs) were thresholded to represent 

areas where T cells persisted for 10 minutes or longer. These two images were then 

merged to create areas of overlapping intensities indicating areas of T cell 

persistence. B) Areas of T cell persistence were then individually enumerated and 

(C) compared to the original hour long movie to determine with which cell types T 

cells were in close proximity.  These areas were then classified as interactions.  D) T 

cell persistent interactions were then categorized as interactions with DC, with 

tumor, with tumor and DC, or with neither tumor nor DC, and quantified for both 

activated and non-activated T cells.  Both T cell types interacted heavily with DCs, 

whether in DC only interactions or DC and tumor interactions.  E)  During PD-L1 

therapy, activated T cells made similar types of interactions compared to controls.  

However, non-activated T cells showed a significantly greater preference for DC only 

interactions in the tumor microenvironment compared to non-activated T cells from 

untreated mice.  F) This increased preference was not due to an effect of PD-L1 

blockade on the ability of DC to contact the tumor as the total number as well as 

percent of DC contacting the tumor was similar in treated and untreated mice.  

Analysis was from n=4 movies per group. Statistical significance was determined 

using a Mann-Whitney U-Test to compare percent of interactions within each 

category. Bars represent median values. * = p<0.05, ns = not significant. 
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4.4 Activated T cells formed more stable contacts with DC during anti-PD-L1 

blockade therapy. 

 The vast majority of T cell interactions with dendritic cells in the tumor 

microenvironment (with DC contacting the tumor or with DC alone) suggested that T 

cells were receiving signals from dendritic cells. We hypothesized that PD-L1 

blockade was modulating these T cell/DC interactions. To explore this hypothesis, 

we sought to evaluate whether the sites of T cell confinement correlate with the 

localization of DC in lung tumors. By plotting the mean displacement of a large pool 

of T cells vs. the square root of time, three distinctly different T cell motility patterns 

can be deciphered (81) (Figure 13A).  A linear function with positive correlation 

would indicate T cell motion in a random fashion, as T cells move indiscriminately 

around a target (Figure 13A, left top and bottom).  A quadratic function of T cell 

displacement suggests T cells move in a directional pattern toward a target in a 

chemokine driven manner (Figure 13A, middle top and bottom).  A logarithmic 

function would indicate that T cells are engaging in confined motility patterns and are 

being kept confined in a chemokine-driven manner (Figure 13A, right top and 

bottom). If the scale of displacement is sufficiently small, T cell confinement would 

indicate stable cell-cell engagement with the target.  Larger displacements would 

indicate that T cells may be confined to larger areas around their targets, being kept 

in a broader area in a chemokine-dependent fashion. 

 Logarithmic functions of displacement graphs indicated that both activated 

and non-activated T cells exhibited confined motility in the tumor microenvironment, 

lending further support to previous findings of T cell confinement (Figure 13 B, C). 
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Displacement on the scale of tens of micrometers indicated tight cell-cell interactions 

as opposed to broad patrolling behavior. After 8 days of anti-PD-L1 therapy, 

activated T cells exhibited smaller displacements over time than activated T cells 

from control mice (Figure 13B, left).  T cell track straightness (Figure 13B, right), a 

measure of the ratio between a T cell’s displacement and its track length, confirm 

reduced T cell displacements, as T cells from treated mice displayed median track 

straightness of 0.12 units compared to T cells from untreated mice which displayed 

median track straightness of 0.26 units, p < 0.001 (Figure 13B, right). 

Non-activated T cells also displayed logarithmic displacement curves 

indicating T cell confinement on the scale of tens of micrometers, indicating cell-cell 

interactions which were on the order seen in activated T cell from anti-PD-L1 treated 

mice (Figure 13C, left). T cell track straightness (0.17 units) was not significantly 

altered by anti-PD-L1 therapy, p = 0.1241 (Figure 13C, right).        

We next sought to correlate the higher confinement of activated T cells from 

mice treated anti-PD-L1 antibody with actual motility in vivo.  Activated T cells 

interacted in close proximity to DC in the tumor microenvironment in untreated mice 

(Supplementary movie 4, see Appendix). These interactions were very loose 

sliding motions as T cells moved around and over DC.  However, activated T cells 

from anti-PD-L1 treated mice engaged in tighter, more stable interactions with 

limited movement around DC (Supplementary movie 5, see Appendix).  These 

results were in line with displacement graphs (Figure 13B) demonstrating higher T 

cell displacements in untreated mice and lower T cell displacements in mice treated 

with anti-PD-L1 antibody.    
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Our data showed that, as a consequence of PD-L1 blockade, activated T cells 

engaged in more tightly confined, stable interactions, particularly with DC in the 

tumor microenvironment, whereas activated T cells engaged with  DC in looser, less 

stable interactions when PD-L1 was able to engage its receptors. This data 

suggested that PD-L1 interactions with PD-1 on T cells may prohibit T cells from fully 

engaging DC and may prevent T cells from receiving long term activation signals.  
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Figure 13.
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Figure 13. Activated T cells engaged in stable interactions with DC in the 

tumor microenvironment in response to PD-L1 blockade. A)  Graphs of  T cell 

mean displacement indicate distinct T cell motility patterns.  Linear functions indicate 

random motility around a target cell.  Quadratic functions indicate directional 

movement of T cells toward a target in a chemokine-dependent manner.  

Logarithmic functions indicate confined motility around a target that may indicate 

tight cell-cell interactions if displacements are low or larger patrolling behaviors if 

displacements are sufficiently large. B) Activated T cells displayed confined 

displacements on a small scale, indicating tightly confined cell-cell interactions.  

Activated T cells during anti-PD-L1 treatment displayed reduced displacements 

(left), and exhibited reduced track straightness (right) compared to activated T cells 

from controls.  C) Non-activated T cells displayed confined displacements on a small 

scale, indicating tight cell-cell interactions similar to activated T cells during PD-L1 

blockade.  Displacements (left) nor track straightness (right) were not significantly 

altered by anti-PD-L1 therapy.  Analysis from n= 3 movies per group. Displacement 

graphs represent mean +/- SEM.  Bars in track straightness plots represent median 

values.   *** = p < 0.001, ns = not significant.     
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5. Discussion 

5.1 Anti-PD-L1 therapy 

Anti-PD-L1 blocking antibody is already being used in Phase II clinical trials 

for the treatment of late stage cancers including melanoma, non-small-cell lung 

cancer, and renal cell carcinoma.  Patients with objective responses to this 

immunotherapy have shown at the very least stable disease progression and in the 

most promising cases, complete tumor regression lasting for months or even years 

(56).  While patients receiving the treatment exhibited minimal immune-mediated 

adverse reactions (imAR) (82), and responses are impressive, only a fraction of 

patients receiving anti-PD-L1 therapy alone responded to treatment (56). Work has 

also tried to elucidate any benefit of combinatorial therapies with the anti-CTLA4 

antibody Ipilimumab for melanoma (60, 83, 84), however, a better understanding of 

the biology of PD-1/PD-L1 interactions is key to improving the response rates of 

patients to anti-PD-L1 therapy. 

 To study the role of PD-L1 in immune suppression in the tumor 

microenvironment, our lab used a commercially available rat anti-mouse blocking 

antibody that blocked both the binding epitope for PD-1 as well as CD80 on the PD-

L1 molecule (51). Using a novel approach to image tumor in the lungs, we analyzed 

the total amount of tumors engrafted on the lung surface at various time points 

during tumor progression and found that MCA induced fibrosarcomas from mice 

receiving anti-PD-L1 antibody regressed after three weeks of treatment.  This 

method had its advantages over conventional methods (e.g. calipers) which require 
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that tumors be 1) visible to the human eye, 2) of a large enough size to measure, 

and 3) easily accessible to measurement of tumor size. These methods typically do 

not take into account smaller, unseen tumors and may be subject to selection bias. 

Our novel method, allowed visualization of a broad picture of engraftment of even 

microscopic tumors throughout the entire lung as well as a broader sense of the 

entire scope of tumor coverage in an organ. One key drawback, though, was the 

depth of tissue penetration as only surface nodules within 200 μm of the surface 

could be visualized.  However, current microscopy-based techniques are seeking to 

improve the depth and resolution of tissue imaging (85, 86). 

Using a novel imaging-based approach to elucidate the “tumor roundness 

index”, changes in tumor morphology as a result of anti-PD-L1 therapy were easily 

visualized and quantified.  Increased tumor roundness during PD-L1 blockade 

suggested a potential mechanism by which tumors are first contained early during 

PD-L1 blockade before later tumor clearance.  It would be interesting to see if this 

observed increase in tumor roundness after 8 days of anti-PD-L1 therapy continued 

throughout the entire course of treatment, which would solidify our hypothesis. 

Furthermore, it remains to be seen whether tumors completely regress during PD-L1 

blockade or return after cessation of treatment.  If this were indeed the case, then it 

would be interesting to see whether mice were immunized against the tumor after 

receiving the therapy and would therefore be able to effectively eliminate tumors 

upon re-challenge.  

 We also showed that some, but not all, tumors expressed PD-L1 in vivo 15 

days after tumor injection (Figure 5).  It would be of interest to determine whether 
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tumors further upregulate PD-L1 as tumors continued to grow or if there is a 

selective advantage of PD-L1+ tumor survival in the lung over time. We also 

observed heterogeneity in recruitment of T cells to tumor nodules.  Thus, it would be 

of value to determine the mechanism by which some T cells were recruited in 

abundance to some tumor nodules while other nodules recruited fewer T cells, and 

whether PD-L1 expression played a role in this heterogeneity.  In addition, we found 

that PD-L1 is expressed at low levels on MCA fibrosarcomas in vitro, but much 

greater in vivo.  We showed that IFN-γ, in line with other reports (46), upregulated 

PD-L1in vitro.  Our findings that PD-L1 was expressed in vivo but not in vitro 

suggested that immune cells in the tumor microenvironment may produce IFNγ in 

response to the tumor. We would like to confirm this, as well as look at other effector 

responses by T cells in vivo.  

5.2 Immune cell characterization 

 Strikingly, a majority of PD-L1 was expressed on stromal cells in the tumor 

microenvironment, including myeloid derived suppressor cells (MDSCs), tumor 

associated macrophages (TAMs), inflammatory DCs and conventional DCs (cDCs).  

To our knowledge this is the first report that has begun phenotyping PD-L1+ immune 

cells in the tumor microenvironment and the effect of PD-L1 blockade on these 

immune populations.  We showed that the majority of dendritic cells (both 

inflammatory DC and cDC) express PD-L1.  The expression of PD-L1 and the 

inhibitory receptor PD-1 on a large portion of inflammatory DC further support their 

function as suppressors (22, 23).  The large percentage of PD-1+ and PD-L1+ 

conventional DC would also suggest that these DC may be suppressive as well (24) 
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though their function remains to be determined.  We found that anti-PD-L1 therapy 

A) did not significantly alter recruitment of any of the myeloid cells tested into the 

peripheral lung tissue and B) blocked available PD-L1 on all of the myeloid cell 

populations tested without significantly altering the expression of the costimulatory 

B7 molecules or the inhibitory receptor PD-1.  We found a trend in the reduction of 

the percent of MDSC in the lungs after 8 days of therapy (p = 0.0688), as well as a 

trend in lower MFI of the expression of both PD-1 (p = 0.0688) as well PD-L1 on 

TAMs (p = 0.0632).  It would be interesting to determine whether these trends 

become significantly different over the treatment period, and would thus suggest 

another mechanism by which anti-PD-L1 therapy effectively led to tumor regression.  

Moreover, each of these myeloid cell populations need further phenotypic 

characterization in order to further differentiate each population as well as to 

determine if the expression of other markers could be affected by anti-PD-L1 

therapy.  Plasmacytoid dendritic cells (pDCs) which have been shown to express 

PD-L1 and play an important role in immune regulation (87) need also be 

characterized to determine how their role in immune surveillance is altered, if at all, 

during PD-L1 blockade.  A relatively new marker added to further characterize the 

B220+CD11c+ plasmacytoid dendritic cell population is the marker Gr-1 (88) which 

has generally been used to characterize MDSC (77). While we observed a Gr-1+ 

population within the CD11b-CD11c+ conventional DC population, it would be 

premature to call these cells plasmacytoid DC before further phenotypic analyses 

were conducted.   
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 Several groups have noted the effect of anti-PD-1 or anti-PD-L1 blockade on 

T cell activation and motility in the lymph nodes (60) (70),  however, little has been 

done to assess the effect of PD-L1 blockade on T cells within peripheral tissue, 

especially in response to tumors.  In agreement with one report (89), we showed that 

during blockade/inhibition of PD-L1, T cells more heavily infiltrated into the 

microenvironment.  Within 8 days of PD-L1 blockade therapy, non-activated T cells 

swarmed more densely around tumors than non-activated T cells from controls.  

This additional recruitment of non-activated T cells as early as eight days of 

treatment may contribute to tumor regression.  A similar increase in density for 

activated T cells was not observed; however, this may be due to the relative paucity 

of activated T cells in the tumor microenvironment compared to non-activated T 

cells.  It would be of interest to ascertain whether T cells could be activated in the 

tumor microenvironment or if activated T cells are instead recruited from the lymph 

nodes. Of similar interest would be to determine whether PD-1/PD-L1 interactions in 

the tumor microenvironment prevent non-activated T cells from being activated 

and/or maintaining activation. Moreover, how the total numbers and densities of 

activated and non-activated T cells changed over the entire course of treatment 

should be investigated particularly whether T cells were recruited later in controls or 

not at all.  For example, if response time were a factor the ability of the immune 

system to control tumor growth, T cells may in fact form similar dense clusters 

around tumors in control mice; however T cell recruitment into the tumor 

microenvironment may be delayed until tumor progression is beyond control. 

Therefore, PD-L1 blockade may disable a mechanism that would prevent T cells 
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from infiltrating the tumor microenvironment at higher densities around nodules 

much earlier the time course of tumor progression when the tumors can still be 

controlled and eliminated.  Future experiments would be needed to determine if 

earlier T cell recruitment would in fact contribute to tumor elimination. 

 We next sought to determine whether anti-PD-L1 therapy affected recruitment 

of cytotoxic CD8+ T cells as a means to lyse tumors or CD4+ helper T cells as a 

means to stimulate T cell anti-tumor responses and likewise whether therapy altered 

the stage of activation (early, intermediate or late stage) of these cells the lung 

tissue.  Eight days of therapy did not significantly alter the portions of CD8+ or CD4+ 

T cells in the lung, nor were indicators of early (CD69), intermediate (ICOS), or late 

stage (PD-1) activation significantly affected in either T cell population.  Future 

experiments need shed light on any possible temporal aspect of T cell recruitment 

and activation. For instance, it would be interesting to assay for T cell recruitment at 

other time points during the treatment protocol as cytotoxic or helper T cells may 

arrive earlier during PD-L1 therapy or increase in the peripheral tissue following 

eight days of PD-L1 blockade and likewise, T cell may stay active longer in the lung 

of mice treated with PD-L1 blockade.  Future experiments are needed to determine if 

this is the case.  Along with T cell activation, it would be worthwhile to look at how 

PD-L1 blockade affected the production of effector molecules by T cells (granzymes, 

perforins, interferon-γ, etc).  Insight could then be gained into the relative roles and 

importance of tumor killing by cytotoxic T cells as well as T cell support offered by a 

variety of cells including helper T cells, B cells, and dendritic cells in the tumor 

microenvironment.   It should also be noted that CD8 T cells are not the only killers 
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in the tumor microenvironment; NK cells (90) as well as NKT cells (91, 92) also 

contribute to tumor killing. 

5.3 T cell motility and interactions in the tumor microenvironment    

 Our data suggested that phenotypic analysis of immune cells in the peripheral 

tissue was not a sufficient indicator of response to anti-PD-L1 therapy, hence we 

hypothesized that a change in T cell dynamics in the tumor microenvironment due to 

PD-L1 blockade contributed to effective tumor clearance.  The heart of my thesis 

revolved around this hypothesis and in the analysis of T cell motility in the tumor 

microenvironment.  T cells, both activated and non-activated, exhibited slow, 

confined motility patterns in the tumor microenvironment.  Contrary to findings in the 

lymph where T cells were shown to reduce their velocity during anti-PD-L1 blockade 

(70), or in the spleen where T cells were shown to increase their velocity during viral 

infection (93), we found that PD-L1 blockade did not significantly impact T cell 

velocity in the tumor microenvironment compared to controls. This was most likely 

on account of low T cell mobility (as indicated by low mean velocities and high arrest 

coefficients) in the tumor microenvironment prior to and including 15 days after 

tumor injection which suggested that T cells were engaged in interactions in the 

tumor microenvironment.  

However, current methods poorly define a T cell “interaction”.  Often times 

“interaction” is simply defined in an in vivo system as contact with a second cell type 

(67), or exhibiting an effector function (63) with little progress in truly defining or 

quantifying T cell interactions in the tumor microenvironment.   
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To better understand T cell interactions in the tumor microenvironment, we 

developed a novel, imaging-based approach to quantify T cell interactions in the 

tumor microenvironment.  Using this method, both activated and non-activated T 

cells were revealed to engage heavily with dendritic cells in the tumor 

microenvironment, whether with dendritic cells alone or with dendritic cells and the 

tumor itself.  When mice were treated with anti-PD-L1 antibody for eight days, non-

activated T cells made more preferential DC only interactions, whereas activated T 

cells showed no such preference for any interacting partner, but activated T cells 

were more tightly confined in stable immune synapse-like interactions with dendritic 

cells in the tumor microenvironment.  Our data suggested that while PD-L1 blockade 

appeared to have affected both activated and non-activated T cells at a microscopic 

level, therapy appeared to have more influence on non-activated T cells.  It is 

tempting to speculate on the implications of PD-L1 blockade on the dynamics of 

each of these populations in the tumor microenvironment.  It appeared that non-

activated T cells were being recruited in larger numbers during therapy (as indicated 

by higher T cell densities), were making more transient interactions (indicated by 

reduced arrest coefficients), and more of these interactions were occurred 

preferentially with DC in the tumor microenvironment. Further experiments would be 

needed to verify whether non-activated T cells were quickly scanning for antigen as 

our results suggested by reduced arrest coefficient and whether these cells were 

gaining activation signals from dendritic cells in the tumor microenvironment.   If this 

were found to be the case, it would be beneficial to identify these activation signals.  
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Activated T cells made more stable immune-synapse-like interactions with 

dendritic cells in the tumor microenvironment during PD-L1 blockade as opposed to 

activated T cells from control mice which appeared to engage in  brief immune-

kinapse-like interactions with dendritic cells (14). Taking all of our dynamic T cell 

motility data into account we developed a model (Figure 14) by which 1) non-

activated T cells were recruited in higher numbers during PD-L1 blockade, engaged 

DC more preferentially (potentially to receive activation signals), and arrested for 

less time (potentially to scan for antigen); and 2) activated T cells were recruited in 

the same number into the tumor microenvironment but were able to make more 

stable synapses with DC during PD-L1 blockade (potentially receiving a stronger 

activation signal) (16). Further experiments would need to determine whether 

signaling complexes were recruited to form a synapse and to determine the strength 

of TCR signaling.  It would also be interesting to further phenotypically characterize 

the  activated T cells as well as the non-activated T cells making contacts with DC, 

as well as further characterization of the DC making contacts in the tumor 

microenvironment. 

Taken together, we showed that anti-PD-L1 therapy worked to 1) allow 

activated T cells to make more stable interactions with dendritic cells in the tumor 

microenvironment, 2) recruit more non-activated T cells into the tumor 

microenvironment which make more preferential interactions with dendritic cells.  A 

combination of these two factors may act synergistically to contribute to tumor 

regression.   
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Figure 14. 
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Figure 14. Model for T cell interactions with dendritic cells in the tumor 

microenvironment. PD-L1 may have differential effects on activated and non-

activated T cells in the tumor microenvironment. During tumor progression (left), 

activated T cells (green) and nonactivated T cells (red) were recruited into the tumor 

microenvironment and engaged in heterogeneous interactions with either the tumor 

(blue) or dendritic cells (DC) (yellow) in the tumor microenvironment. Activated T 

cells (T cell “A” in left inset) formed unstable immune kinapse-like interactions 

characterized by mobile interactions (arrow) with DC. Both activated and non-

activated T cells may be receiving activation signals (+ in figure), though this is yet to 

be determined.  However, during PD-L1 blockade (right), non activated T cells were 

recruited in higher densities and engaged preferentially with dendritic cells (T cell “B” 

in right inset). Activated T cells (T cell “A” in right inset) were not preferentially 

recruited, but were able to maintain stronger, more stable immune synapse-like 

interactions with DC in the tumor microenvironment. Both activated and non-

activated T cells potentially received stronger activation signals (+ in right inset), 

though this still needs to be determined.   

 

 

 

 

 



93 
 

5.4 Implications of our novel method on future research 

 Our novel method of imaging-based quantification of immune cell interactions 

was useful in elucidating T cell interactions, but this method can be broadly applied 

to other fields.  Study of interactions now need not be solely studied in vitro or ex 

vivo; interactions which may not be truly applicable to true in vivo dynamic 

behaviors.  With this novel method, true interactions can be observed and quantified 

in vivo.  Of course, this method would need to be combined with further analysis of 

adhesion molecules and cellular signaling to ensure that interacting cells were stably 

engaged, but our method is a novel, unique tool that can be added to the tool-bag of 

image analysis.        

5.5 Implications on immune therapy 

 Our findings have broad implications on cancer immunotherapy.  We showed 

that early tumor biopsies may not clearly indicate patient response rate.  T cells in 

the tumor microenvironment showed no significant difference in the particular 

activation phenotypes tested.  Nor were the phenotypes of myeloid cells significantly 

different at early stages.  This finding reveals the importance of looking at the bigger 

picture of immune cell dynamics in the tumor microenvironment in order to ascertain 

whether a patient will respond to therapy.  Potentially, tools need to be developed 

which would include immune cells dynamics as a prognostic indicator of response 

rates.  
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6. Appendix 

Supplementary Movie 1.  Dynamic immune cell motility patterns in tumor 

bearing mice.  Activated T cells (green) as well as non-activated T cells (red) 

engaged in a heterogeneous mixture behavior patterns with both dendritic cells 

(white) and tumor nodules (blue) in tumor bearing mice.  Some T cells engage the 

tumor.  Other T cells engaged dendritic cells, while others move quickly in and out of 

frame without engaging any targets.   This movie is one representative 45-minute-

long movie from a total of four movies taken from four different mice ranging from 45 

minutes to one hour long.  This movie was taken using 20X objective (0.70 NA), Z-

step size = 2 μm, utilizing sequential scanning with a 20 second scan time.  

Supplementary Movie 2. Dynamic immune cell behaviors in tumor bearing 

mice receiving anti-PD-L1 antibody blockade. After 8 days of anti-PD-L1 antibody 

therapy, activated T cells (green) and non-activated T cells (red) exhibit complex 

behavior patterns with dendritic cells (white) and tumor nodules (blue). T cells 

demonstrate a mixture of behaviors ranging from contacting the tumor nodule, 

dendritic cells, other T cells, or no other visible cell type. Movie is one representative 

one-hour-long movie from a total of four movies taken from four different mice, taken 

using a 20X objective (0.70 NA), Z-step size = 2 μm, utilizing sequential scanning 

with a 20-second scan time. 

Supplementary Movie 3. Interactions in the tumor microenvironment.  Complex 

interactions in the tumor microenvironment were broken down using a novel 

imaging-based analysis technique (Figure 7B,C). Cells with persistent motility 
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characterized by overlapping binarized fluorescence were enumerated and 

interactions, defined as persistent motility within one T cell length of a second cell 

type, were quantified. Cells were categorized as interacting with dendritic cells alone 

(middle bottom), tumor alone, dendritic cell and tumor together (left middle), or 

neither dendritic cell nor tumor (upper right corner).  Cells without overlap (upper left) 

were motile and did not stably interact with a partner. This movie is one 

representative one-hour-long movie from a total of four movies taken from four 

different mice.  The movie was taken using a 20X objective (0.70 NA), Z-step size = 

2 μm, utilizing sequential scanning with a 20 second scan time.  

Supplementary Movie 4. Activated T cells engaged in unstable interactions 

with dendritic cells in the tumor microenvironment.  Activated T cells (green) 

from control mice made unstable, sliding interactions with dendritic cells (red) 

surrounding the tumor (blue). One representative 45-minute-long movie taken of four 

one hour long movies from four different mice is shown. Movies were taken using an 

20X objective (0.70 NA) , Z-step size = 2 μm, utilizing  sequential scanning with a 20 

second scan time. 

Supplementary Movie 5.  Activated T cells engaged in stable interactions with 

dendritic cells in the tumor microenvironment during PD-L1 blockade.  

Activated T cells (green) from mice receiving one week of anti-PD-L1 antibody 

therapy made strong, stable engagement with dendritic cells (red) in surrounding the 

tumor (blue).  One representative one-hour-long movie taken of four from four 

different mice. Movies were taken using an HCPL APO 20X/0.70 NA objective, Z-

step size = 2 μm, sequential scanning using a 20-second scan time. 
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