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 aPD-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 um. B) To look for the presence of CD4+ and CD8+ T cells
within the lungs, FACS analysis was performed on CD2-RFP mice. RFP"" 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 um/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 uym/min and pooled non-
activated T cells showed a median velocity of 1.32 ym/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 um) 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 um/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. 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 ym) 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. 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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[ R

Random Directional Confined

-] 3 €

£
g g g
o @ @
o o o
L] =2 =
o o o
7] ) &
a a a
= = =
3 g g
= = =

«Time VTime “Time

20, Activated Activated
5_ 1.04 e e g
15 _
g 2 .84 0® °
1) i 09 -]
B 10 @ %0
& 2 0.61 %ggp000 :
=] = o
: s Sod  u vy
7] m
= = ° 0&‘ 5 ©00°
0 ; 9 0.24 aﬁgooe@% .' -]
2 4 6 8 10 12 14 °°ao°e°o°°°
- Control VTime 0.0 °.o°
- uPD-L1 ’ Control aPD-L1
20 Non-Activated Non-Activated
E -~ ns
£ 154
=3
§ su.& :
=10 @
2 go.&
[=]
§ 5 Ew.-t
= £
o .2
C 2 4 6 8 10 12 14
- Control VTime 0.0 Toontad  SEPOBERI
- aPD-L1 Control

80



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 Il 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 um 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-y, 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 IFNy 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-y, 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. 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.
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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 ym, 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 ym, 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 um, 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 uym, 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 ym, sequential scanning using a 20-second scan time.

95



7. Bibliography

10.

Burnet, M. 1957. Cancer; a biological approach. |I. The processes of control.
Br Med J 1:779-786.

Burnet, M. 1957. Cancer: a biological approach. lll. Viruses associated with
neoplastic conditions. V. Practical applications. Br Med J 1:841-847.

Burnet, F. M. 1971. Immunological surveillance in neoplasia. Transplant Rev
7:3-25.

Dunn, G. P., A. T. Bruce, H. lkeda, L. J. Old, and R. D. Schreiber. 2002.
Cancer immunoediting: from immunosurveillance to tumor escape. Nat
Immunol 3:991-998.

Dunn, G. P., L. J. Old, and R. D. Schreiber. 2004. The three Es of cancer
immunoediting. Annu Rev Immunol 22:329-360.

Kupper, T. S., and R. C. Fuhlbrigge. 2004. Immune surveillance in the skin:
mechanisms and clinical consequences. Nat Rev Immunol 4:211-222.

Swann, J. B., and M. J. Smyth. 2007. Immune surveillance of tumors. J Clin
Invest 117:1137-1146.

Vesely, M. D., M. H. Kershaw, R. D. Schreiber, and M. J. Smyth. Natural
innate and adaptive immunity to cancer. Annu Rev Immunol 29:235-271.
Smyth, M. J., K. Y. Thia, S. E. Street, D. MacGregor, D. |. Godfrey, and J. A.
Trapani. 2000. Perforin-mediated cytotoxicity is critical for surveillance of
spontaneous lymphoma. J Exp Med 192:755-760.

Beyer, M., and J. L. Schultze. 2006. Regulatory T cells in cancer. Blood

108:804-811.

96



11.

12.

13.

14.

15.

16.

17.

18.

Monks, C. R., B. A. Freiberg, H. Kupfer, N. Sciaky, and A. Kupfer. 1998.
Three-dimensional segregation of supramolecular activation clusters in T
cells. Nature 395:82-86.

Doh, J., and M. F. Krummel. Immunological synapses within context: patterns
of cell-cell communication and their application in T-T interactions. Curr Top
Microbiol Immunol 340:25-50.

Grakoui, A., S. K. Bromley, C. Sumen, M. M. Davis, A. S. Shaw, P. M. Allen,
and M. L. Dustin. 1999. The immunological synapse: a molecular machine
controlling T cell activation. Science 285:221-227.

Evans, R., |. Patzak, L. Svensson, K. De Filippo, K. Jones, A. McDowall, and
N. Hogg. 2009. Integrins in immunity. J Cell Sci 122:215-225.

Beemiller, P., J. Jacobelli, and M. F. Krummel. Integration of the movement of
signaling microclusters with cellular motility in immunological synapses. Nat
Immunol 13:787-795.

Friedl, P., and J. Storim. 2004. Diversity in immune-cell interactions: states
and functions of the immunological synapse. Trends Cell Biol 14:557-567.
Moreau, H. D., F. Lemaitre, E. Terriac, G. Azar, M. Piel, A. M. Lennon-
Dumenil, and P. Bousso. Dynamic in situ cytometry uncovers T cell receptor
signaling during immunological synapses and kinapses in vivo. Immunity
37:351-363.

Blankenstein, T., P. G. Coulie, E. Gilboa, and E. M. Jaffee. The determinants

of tumour immunogenicity. Nat Rev Cancer 12:307-313.

97



19.

20.

21.

22.

23.

24.

25.

26.

Svane, I. M., A. M. Engel, M. B. Nielsen, H. G. Ljunggren, J. Rygaard, and O.
Werdelin. 1996. Chemically induced sarcomas from nude mice are more
immunogenic than similar sarcomas from congenic normal mice. Eur J
Immunol 26:1844-1850.

Shevach, E. M. 2009. Mechanisms of foxp3+ T regulatory cell-mediated
suppression. Immunity 30:636-645.

Qian, B. Z.,, and J. W. Pollard. Macrophage diversity enhances tumor
progression and metastasis. Cell 141:39-51.

Hespel, C., and M. Moser. Role of inflammatory dendritic cells in innate and
adaptive immunity. Eur J Immunol 42:2535-2543.

Li, H., G. X. Zhang, Y. Chen, H. Xu, D. C. Fitzgerald, Z. Zhao, and A.
Rostami. 2008. CD11c+CD11b+ dendritic cells play an important role in
intravenous tolerance and the suppression of experimental autoimmune
encephalomyelitis. J Immunol 181:2483-2493.

Krempski, J., L. Karyampudi, M. D. Behrens, C. L. Erskine, L. Hartmann, H.
Dong, E. L. Goode, K. R. Kalli, and K. L. Knutson. Tumor-infiltrating
programmed death receptor-1+ dendritic cells mediate immune suppression
in ovarian cancer. J Immunol 186:6905-6913.

Pries, R., A. Thiel, C. Brocks, and B. Wollenberg. 2006. Secretion of tumor-
promoting and immune suppressive cytokines by cell lines of head and neck
squamous cell carcinoma. In Vivo 20:45-48.

Schafer, Z. T., and J. S. Brugge. 2007. IL-6 involvement in epithelial cancers.

J Clin Invest 117:3660-3663.

98



27.

28.

29.

30.

31.

32.

33.

Rincon, M. Interleukin-6: from an inflammatory marker to a target for
inflammatory diseases. Trends Immunol 33:571-577.

Chen, L. 2004. Co-inhibitory molecules of the B7-CD28 family in the control of
T-cell immunity. Nat Rev Immunol 4:336-347.

Ishida, Y., Y. Agata, K. Shibahara, and T. Honjo. 1992. Induced expression of
PD-1, a novel member of the immunoglobulin gene superfamily, upon
programmed cell death. EMBO J 11:3887-3895.

Blank, C., and A. Mackensen. 2007. Contribution of the PD-L1/PD-1 pathway
to T-cell exhaustion: an update on implications for chronic infections and
tumor evasion. Cancer Immunol Immunother 56:739-745.

Said, E. A., F. P. Dupuy, L. Trautmann, Y. Zhang, Y. Shi, M. El-Far, B. J. Hill,
A. Noto, P. Ancuta, Y. Peretz, S. G. Fonseca, J. Van Grevenynghe, M. R.
Boulassel, J. Bruneau, N. H. Shoukry, J. P. Routy, D. C. Douek, E. K.
Haddad, and R. P. Sekaly. Programmed death-1-induced interleukin-10
production by monocytes impairs CD4+ T cell activation during HIV infection.
Nat Med 16:452-459.

Park, H. J., A. Kusnadi, E. J. Lee, W. W. Kim, B. C. Cho, I. J. Lee, J. Seong,
and S. J. Ha. Tumor-infiltrating regulatory T cells delineated by upregulation
of PD-1 and inhibitory receptors. Cell Immunol 278:76-83.

Xerri, L., B. Chetaille, N. Serriari, C. Attias, Y. Guillaume, C. Arnoulet, and D.
Olive. 2008. Programmed death 1 is a marker of angioimmunoblastic T-cell
lymphoma and B-cell small lymphocytic lymphoma/chronic lymphocytic

leukemia. Hum Pathol 39:1050-1058.

99



34.

35.

36.

37.

38.

39.

Thibult, M. L., E. Mamessier, J. Gertner-Dardenne, S. Pastor, S. Just-Landi,
L. Xerri, B. Chetaille, and D. Olive. PD-1 is a novel regulator of human B-cell
activation. Int Immunol 25:129-137.

Wherry, E. J., S. J. Ha, S. M. Kaech, W. N. Haining, S. Sarkar, V. Kalia, S.
Subramaniam, J. N. Blattman, D. L. Barber, and R. Ahmed. 2007. Molecular
signature of CD8+ T cell exhaustion during chronic viral infection. Immunity
27:670-684.

Yokosuka, T., M. Takamatsu, W. Kobayashi-Imanishi, A. Hashimoto-Tane, M.
Azuma, and T. Saito. Programmed cell death 1 forms negative costimulatory
microclusters that directly inhibit T cell receptor signaling by recruiting
phosphatase SHP2. J Exp Med 209:1201-1217.

Parry, R. V., J. M. Chemnitz, K. A. Frauwirth, A. R. Lanfranco, |. Braunstein,
S. V. Kobayashi, P. S. Linsley, C. B. Thompson, and J. L. Riley. 2005. CTLA-
4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms. Mol Cell
Biol 25:9543-9553.

Wythe, S. E., J. S. Dodd, P. J. Openshaw, and J. Schwarze. OX40 ligand and
programmed cell death 1 ligand 2 expression on inflammatory dendritic cells
regulates CD4 T cell cytokine production in the lung during viral disease. J
Immunol 188:1647-1655.

Youngnak, P., Y. Kozono, H. Kozono, H. lwai, N. Otsuki, H. Jin, K. Omura, H.
Yagita, D. M. Pardoll, L. Chen, and M. Azuma. 2003. Differential binding
properties of B7-H1 and B7-DC to programmed death-1. Biochem Biophys

Res Commun 307:672-677.

100



40.

41.

42.

43.

44,

45.

Liu, X, J. X. Gao, J. Wen, L. Yin, O. Li, T. Zuo, T. F. Gajewski, Y. X. Fu, P.
Zheng, and Y. Liu. 2003. B7DC/PDL2 promotes tumor immunity by a PD-1-
independent mechanism. J Exp Med 197:1721-1730.

Hegde, S., J. L. Lockridge, Y. A. Becker, S. Ma, S. C. Kenney, and J. E.
Gumperz. Human NKT cells direct the differentiation of myeloid APCs that
regulate T cell responses via expression of programmed cell death ligands. J
Autoimmun 37:28-38.

Latchman, Y. E., S. C. Liang, Y. Wu, T. Chernova, R. A. Sobel, M. Klemm, V.
K. Kuchroo, G. J. Freeman, and A. H. Sharpe. 2004. PD-L1-deficient mice
show that PD-L1 on T cells, antigen-presenting cells, and host tissues
negatively regulates T cells. Proc Natl Acad Sci U S A 101:10691-10696.
Eppihimer, M. J., J. Gunn, G. J. Freeman, E. A. Greenfield, T. Chernova, J.
Erickson, and J. P. Leonard. 2002. Expression and regulation of the PD-L1
immunoinhibitory = molecule  on  microvascular  endothelial  cells.
Microcirculation 9:133-145.

Hua, D., J. Sun, Y. Mao, L. J. Chen, Y. Y. Wu, and X. G. Zhang. B7-H1
expression is associated with expansion of regulatory T cells in colorectal
carcinoma. World J Gastroenterol 18:971-978.

Zhang, L., T. F. Gajewski, and J. Kline. 2009. PD-1/PD-L1 interactions inhibit
antitumor immune responses in a murine acute myeloid leukemia model.

Blood 114:1545-1552.

101



46.

47.

48.

49.

50.

51.

Schoop, R., P. Wahl, M. Le Hir, U. Heemann, M. Wang, and R. P. Wuthrich.
2004. Suppressed T-cell activation by IFN-gamma-induced expression of PD-
L1 on renal tubular epithelial cells. Nephrol Dial Transplant 19:2713-2720.
Gong, A. Y., R. Zhou, G. Hu, X. Li, P. L. Splinter, S. P. O'Hara, N. F.
LaRusso, G. A. Soukup, H. Dong, and X. M. Chen. 2009. MicroRNA-513
regulates B7-H1 translation and is involved in IFN-gamma-induced B7-H1
expression in cholangiocytes. J Immunol 182:1325-1333.

Haile, S. T., J. J. Bosch, N. |. Agu, A. M. Zeender, P. Somasundaram, M. K.
Srivastava, S. Britting, J. B. Wolf, B. R. Ksander, and S. Ostrand-Rosenberg.
Tumor cell programmed death ligand 1-mediated T cell suppression is
overcome by coexpression of CD80. J Immunol 186:6822-6829.

Butte, M. J., M. E. Keir, T. B. Phamduy, A. H. Sharpe, and G. J. Freeman.
2007. Programmed death-1 ligand 1 interacts specifically with the B7-1
costimulatory molecule to inhibit T cell responses. Immunity 27:111-122.

Park, J. J., R. Omiya, Y. Matsumura, Y. Sakoda, A. Kuramasu, M. M.
Augustine, S. Yao, F. Tsushima, H. Narazaki, S. Anand, Y. Liu, S. E. Strome,
L. Chen, and K. Tamada. B7-H1/CD80 interaction is required for the induction
and maintenance of peripheral T-cell tolerance. Blood 116:1291-1298.
Paterson, A. M., K. E. Brown, M. E. Keir, V. K. Vanguri, L. V. Riella, A.
Chandraker, M. H. Sayegh, B. R. Blazar, G. J. Freeman, and A. H. Sharpe.
The programmed death-1 ligand 1:B7-1 pathway restrains diabetogenic

effector T cells in vivo. J Immunol 187:1097-1105.

102



52.

53.

54.

55.

56.

Pardoll, D. M. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer 12:252-264.

Yuan, J., B. Ginsberg, D. Page, Y. Li, T. Rasalan, H. F. Gallardo, Y. Xu, S.
Adams, N. Bhardwaj, K. Busam, L. J. Old, J. P. Allison, A. Jungbluth, and J.
D. Wolchok. CTLA-4 blockade increases antigen-specific CD8(+) T cells in
prevaccinated patients with melanoma: three cases. Cancer Immunol
Immunother 60:1137-1146.

Topalian, S. L., C. G. Drake, and D. M. Pardoll. Targeting the PD-1/B7-
H1(PD-L1) pathway to activate anti-tumor immunity. Curr Opin Immunol
24:207-212.

Topalian, S. L., F. S. Hodi, J. R. Brahmer, S. N. Gettinger, D. C. Smith, D. F.
McDermott, J. D. Powderly, R. D. Carvajal, J. A. Sosman, M. B. Atkins, P. D.
Leming, D. R. Spigel, S. J. Antonia, L. Horn, C. G. Drake, D. M. Pardoll, L.
Chen, W. H. Sharfman, R. A. Anders, J. M. Taube, T. L. McMiller, H. Xu, A. J.
Korman, M. Jure-Kunkel, S. Agrawal, D. McDonald, G. D. Kollia, A. Gupta, J.
M. Wigginton, and M. Sznol. Safety, activity, and immune correlates of anti-
PD-1 antibody in cancer. N Engl J Med 366:2443-2454.

Brahmer, J. R., S. S. Tykodi, L. Q. Chow, W. J. Hwu, S. L. Topalian, P. Hwu,
C. G. Drake, L. H. Camacho, J. Kauh, K. Odunsi, H. C. Pitot, O. Hamid, S.
Bhatia, R. Martins, K. Eaton, S. Chen, T. M. Salay, S. Alaparthy, J. F. Grosso,
A. J. Korman, S. M. Parker, S. Agrawal, S. M. Goldberg, D. M. Pardoll, A.
Gupta, and J. M. Wigginton. Safety and activity of anti-PD-L1 antibody in

patients with advanced cancer. N Engl J Med 366:2455-2465.

103



57.

58.

59.

60.

61.

62.

63.

Callahan, M. K., M. A. Postow, and J. D. Wolchok. Immunomodulatory
therapy for melanoma: Ipilimumab and beyond. Clin Dermatol 31:191-199.
Yuan, J., D. B. Page, G. Y. Ku, Y. Li, Z. Mu, C. Ariyan, H. F. Gallardo, R. A.
Roman, A. |. Heine, S. L. Terzulli, E. Ritter, S. Gnjatic, G. Ritter, A. A.
Jungbluth, J. P. Allison, L. J. Old, and J. D. Wolchok. Correlation of clinical
and immunological data in a metastatic melanoma patient with
heterogeneous tumor responses to ipilimumab therapy. Cancer Immun 10:1.
Peggs, K. S., and S. A. Quezada. Ipilimumab: attenuation of an inhibitory
immune checkpoint improves survival in metastatic melanoma. Expert Rev
Anticancer Ther 10:1697-1701.

Curran, M. A., W. Montalvo, H. Yagita, and J. P. Allison. PD-1 and CTLA-4
combination blockade expands infiltrating T cells and reduces regulatory T
and myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U S A
107:4275-4280.

Lindquist, R. L., G. Shakhar, D. Dudziak, H. Wardemann, T. Eisenreich, M. L.
Dustin, and M. C. Nussenzweig. 2004. Visualizing dendritic cell networks in
vivo. Nat Immunol 5:1243-1250.

Cahalan, M. D., and I. Parker. 2008. Choreography of cell motility and
interaction dynamics imaged by two-photon microscopy in lymphoid organs.
Annu Rev Immunol 26:585-626.

Cyster, J. G. 2007. Specifying the patterns of immune cell migration. Novartis

Found Symp 281:54-61; discussion 61-54, 208-209.

104



64.

65.

66.

67.

68.

69.

70.

Thornton, E. E., M. R. Looney, O. Bose, D. Sen, D. Sheppard, R. Locksley, X.
Huang, and M. F. Krummel. Spatiotemporally separated antigen uptake by
alveolar dendritic cells and airway presentation to T cells in the lung. J Exp
Med 209:1183-1199.

Egen, J. G., A. G. Rothfuchs, C. G. Feng, M. A. Horwitz, A. Sher, and R. N.
Germain. Intravital imaging reveals limited antigen presentation and T cell
effector function in mycobacterial granulomas. Immunity 34:807-819.

Breart, B., F. Lemaitre, S. Celli, and P. Bousso. 2008. Two-photon imaging of
intratumoral CD8+ T cell cytotoxic activity during adoptive T cell therapy in
mice. J Clin Invest 118:1390-1397.

Engelhardt, J. J., B. Boldajipour, P. Beemiller, P. Pandurangi, C. Sorensen, Z.
Werb, M. Egeblad, and M. F. Krummel. Marginating dendritic cells of the
tumor microenvironment cross-present tumor antigens and stably engage
tumor-specific T cells. Cancer Cell 21:402-417.

Zal, T., and G. Chodaczek. Intravital imaging of anti-tumor immune response
and the tumor microenvironment. Semin Immunopathol 32:305-317.

Davis, D. M. 2009. Mechanisms and functions for the duration of intercellular
contacts made by lymphocytes. Nat Rev Immunol 9:543-555.

Fife, B. T., K. E. Pauken, T. N. Eagar, T. Obu, J. Wu, Q. Tang, M. Azuma, M.
F. Krummel, and J. A. Bluestone. 2009. Interactions between PD-1 and PD-
L1 promote tolerance by blocking the TCR-induced stop signal. Nat Immunol

10:1185-1192.

105



71.

72.

73.

74.

75.

76.

77.

Zhumabekov, T., P. Corbella, M. Tolaini, and D. Kioussis. 1995. Improved
version of a human CD2 minigene based vector for T cell-specific expression
in transgenic mice. J Immunol Methods 185:133-140.

Yui, M. A., G. Hernandez-Hoyos, and E. V. Rothenberg. 2001. A new
regulatory region of the IL-2 locus that confers position-independent
transgene expression. J Immunol 166:1730-1739.

Propper, D. J., D. Chao, J. P. Braybrooke, P. Bahl, P. Thavasu, F. Balkwill, H.
Turley, N. Dobbs, K. Gatter, D. C. Talbot, A. L. Harris, and T. S. Ganesan.
2003. Low-dose IFN-gamma induces tumor MHC expression in metastatic
malignant melanoma. Clin Cancer Res 9:84-92.

Chen, J., Y. Feng, L. Lu, H. Wang, L. Dai, Y. Li, and P. Zhang. Interferon-
gamma-induced PD-L1 surface expression on human oral squamous
carcinoma via PKD2 signal pathway. Immunobiology 217:385-393.
Shankaran, V., H. lkeda, A. T. Bruce, J. M. White, P. E. Swanson, L. J. Old,
and R. D. Schreiber. 2001. IFNgamma and lymphocytes prevent primary
tumour development and shape tumour immunogenicity. Nature 410:1107-
1111.

Shortman, K., and S. H. Naik. 2007. Steady-state and inflammatory dendritic-
cell development. Nat Rev Immunol 7:19-30.

Gabrilovich, D. 1., and S. Nagaraj. 2009. Myeloid-derived suppressor cells as

regulators of the immune system. Nat Rev Immunol 9:162-174.

106



78.

79.

80.

81.

82.

83.

84.

85.

Mantovani, A., S. Sozzani, M. Locati, P. Allavena, and A. Sica. 2002.
Macrophage polarization: tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends Immunol 23:549-555.

Ziegler, S. F., F. Ramsdell, and M. R. Alderson. 1994. The activation antigen
CD69. Stem Cells 12:456-465.

Hutloff, A., A. M. Dittrich, K. C. Beier, B. Eljaschewitsch, R. Kraft, I.
Anagnostopoulos, and R. A. Kroczek. 1999. ICOS is an inducible T-cell co-
stimulator structurally and functionally related to CD28. Nature 397:263-266.
Beltman, J. B., A. F. Maree, and R. J. de Boer. 2009. Analysing immune cell
migration. Nat Rev Immunol 9:789-798.

Ascierto, P. A., M. Kalos, D. A. Schaer, M. K. Callahan, and J. D. Wolchok.
Biomarkers for Immunostimulatory Monoclonal Antibodies in Combination
Strategies for Melanoma and Other Tumor Types. Clin Cancer Res 19:1009-
1020.

Antonarakis, E. S. Combining active immunotherapy with immune checkpoint
blockade for the treatment of advanced prostate cancer. Asian J Androl
14:520-521.

Yu, P, J. C. Steel, M. Zhang, J. C. Morris, and T. A. Waldmann.
Simultaneous blockade of multiple immune system inhibitory checkpoints
enhances antitumor activity mediated by interleukin-15 in a murine metastatic
colon carcinoma model. Clin Cancer Res 16:6019-6028.

Hama, H., H. Kurokawa, H. Kawano, R. Ando, T. Shimogori, H. Noda, K.

Fukami, A. Sakaue-Sawano, and A. Miyawaki. Scale: a chemical approach

107



86.

87.

88.

89.

90.

91.

for fluorescence imaging and reconstruction of transparent mouse brain. Nat
Neurosci 14:1481-1488.

Huang, B., H. Babcock, and X. Zhuang. Breaking the diffraction barrier:
super-resolution imaging of cells. Cell 143:1047-1058.

Matta, B. M., G. Raimondi, B. R. Rosborough, T. L. Sumpter, and A. W.
Thomson. IL-27 production and STAT3-dependent upregulation of B7-H1
mediate immune regulatory functions of liver plasmacytoid dendritic cells. J
Immunol 188:5227-5237.

Nakano, H., M. Yanagita, and M. D. Gunn. 2001. CD11c(+)B220(+)Gr-1(+)
cells in mouse lymph nodes and spleen display characteristics of
plasmacytoid dendritic cells. J Exp Med 194:1171-1178.

El Annan, J., S. Goyal, Q. Zhang, G. J. Freeman, A. H. Sharpe, and R. Dana.
Regulation of T-cell chemotaxis by programmed death-ligand 1 (PD-L1) in dry
eye-associated corneal inflammation. Invest Ophthalmol Vis Sci 51:3418-
3423.

Street, S. E., Y. Hayakawa, Y. Zhan, A. M. Lew, D. MacGregor, A. M.
Jamieson, A. Diefenbach, H. Yagita, D. |. Godfrey, and M. J. Smyth. 2004.
Innate immune surveillance of spontaneous B cell lymphomas by natural killer
cells and gammadelta T cells. J Exp Med 199:879-884.

Smyth, M. J., N. Y. Crowe, Y. Hayakawa, K. Takeda, H. Yagita, and D. I.
Godfrey. 2002. NKT cells - conductors of tumor immunity? Curr Opin Immunol

14:165-171.

108



92.

93.

Crowe, N. Y., M. J. Smyth, and D. |. Godfrey. 2002. A critical role for natural
killer T cells in immunosurveillance of methylcholanthrene-induced sarcomas.
J Exp Med 196:119-127.

Zinselmeyer, B. H., S. Heydari, C. Sacristan, D. Nayak, M. Cammer, J. Herz,
X. Cheng, S. J. Davis, M. L. Dustin, and D. B. McGavern. PD-1 promotes
immune exhaustion by inducing antiviral T cell motility paralysis. J Exp Med

210:757-774.

109



8. Vita

Todd Jacob Bartkowiak was born on September 19, 1986 in Houston, Texas to
James and Renalda Bartkowiak. After completing high school at Klein High School
in Klein, Texas in 2005, he entered Sam Houston State University in Hunstville
Texas. In May of 2008, he received his Bachelor of Science degree with a major in
Biology and a minor in Chemistry. For two and a half years, Todd worked as a
research assistant in the Diagnostic Sciences department at the University of Texas
Health Science Center, Houston Texas. In August of 2011, Todd entered the
University of Texas Health Science Center at Houston Graduate School of
Biomedical Sciences. Todd completed this thesis under the mentorship of Dr.
Tomasz Zal in the Immunology Department at the University of Texas, MD Anderson

Cancer Center.

110



