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Ex vivo modulation of intact
tumor fragments with anti-PD-1
and anti-CTLA-4 influences the
expansion and specificity of
tumor-infiltrating lymphocytes
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Checkpoint inhibition (CPI) therapy and adoptive cell therapy with autologous
tumor-infiltrating lymphocytes (TIL-based ACT) are the two most effective
immunotherapies for the treatment of metastatic melanoma. While CPI has
been the dominating therapy in the past decade, TIL-based ACT is beneficial for
individuals even after progression on previous immunotherapies. Given that
notable differences in response have been made when used as a subsequent
treatment, we investigated how the qualities of TILs changed when the ex vivo
microenvironment of intact tumor fragments were modulated with checkpoint
inhibitors targeting programmed death receptor 1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4). Initially, we show that unmodified
TILs from CPIl-resistant individuals can be produced, are overwhelmingly
terminally differentiated, and are capable of responding to tumor. We then
investigate these properties in ex vivo checkpoint modulated TILs finding that
that they retain these qualities. Lastly, we confirmed the specificity of the TILs to
the highest responding tumor antigens, and identified this reactivity resides
largely in CD39"CD69* terminally differentiated populations. Overall, we found
that anti-PD-1 will alter the proliferative capacity while anti-CTLA4 will influence
breadth of antigen specificity.
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1 Introduction

Adoptive cell therapy using autologous tumor-infiltrating
lymphocytes (TIL-based ACT) has been clinically explored for the
treatment of metastatic melanoma for decades (1-4). This was the
most effective therapeutic strategy until the inception of checkpoint
inhibition (CPI) therapy which drastically changed the treatment
landscape of melanoma cancers (5). Monoclonal antibodies
targeting programmed death receptor 1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) became nearly universal
first-line therapy (6, 7). While response rates of up to 58% were
reached when used in combination, patients experience extensive
toxicities frequently followed by relapse (5). Additionally, some
studies indicate a negative impact on subsequent TIL-based ACT (3,
8). While this evidence suggests that immune modulation with CPI
may impair the likelihood of positive outcome for the cell therapy,
we have shown that individuals with recurrent disease after anti-
PD-1 treatment can still produce TILs capable of eradicating
melanoma and mediate clinical response (9). Similarly, we have
shown that individuals who are resistant to multiple lines of CPI can
still produce functional TILs (10, 11).

PD-1 and CTLA-4 interactions with their natural ligands, PD-L1
and CD80/CD86, respectively, promote tumor growth through
multiple mechanisms including T cell anergy and apoptosis (12,
13). These interactions are also known to inhibit T cells through
metabolic influence (14). Glycolysis is essential for execution of
effector mechanisms as well as cell proliferation and differentiation
(15, 16). In contrast, PD-1 ligation inhibits the switch from oxidative
phosphorylation to glycolysis, which is essential for T cell effector
function (17). Additionally, the overlap between tumor reactivity and
exhausted phenotype is well established (18, 19). A recent report by
Krishna, et al. has illustrated the importance of stem-like populations,
characterized by a CD39°CD69" phenotype, for clinical response (20).
While CD39" populations appear vital for TIL-based ACT, recent
evidence has shown that patients who respond to anti-PD-1 therapy
have high infiltration of CD39" resident memory T cells (21). While
there does appear to be a phenotypic CD39/PD-1 axis, Gangaev et al.
have shown that the scope of antigen reactivity can be broadened by
anti-CTLA-4 treatment but not anti-PD-1 treatment, in the case of
metastatic melanoma (22). Through ex vivo modulation of the tumor
microenvironment with CTLA-4 blocking antibodies, our group has
shown similar broadening of the tumor-reactivity within the CD8"
compartment of TILs in ovarian cancer (23). CPI has been
incorporated with tumor fragments in multiple similar studies to
influence downstream effects of TILs (24-26).

Given the detrimental effects immunological checkpoints can
have on the cellular immune response to cancer, we sought to
investigate how disruption of checkpoint interactions would affect
these qualities in melanoma TILs. With tumor material obtained
from individuals with resistance to checkpoint therapy enrolled in
clinical trials at our center, we altered the tumor microenvironment
(TME) of intact tumor fragments by incorporating anti-CTLA-4 or
anti-PD-1 monoclonal antibodies directly into the culture medium
and subsequently harvesting the outgrown TILs. We evaluated the
various phenotypic, metabolic, and functional qualities of the cells
using a wide range of conventional and novel methods.
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2 Results

2.1 Profiling of TILs derived from
immunotherapy-resistant
melanoma patients

This study included samples from 15 patients from three clinical
trials conducted at our center (9-11). All patients included in these
trials have developed resistance to at least one line of CPI therapy
(Table 1). We initially sought to better understand the phenotypic
profile and functional abilities of TILs generated from tumor fragments
of CPI-resistant individuals. Through conventional production
methods using high-dose IL-2 as previously described (10, 11),
minimally cultured TILs were successfully established from 11 out of
the 15 total patient samples obtained. TIL cultures were considered
established if greater that 1 x 10° TILs were produced per fragment,
with eight fragments per condition. Figure 1A shows the spectrum of
TIL-outgrowth, with fragments from patient 11 the most productive
with 11 x 10° TILs/fragment, and patient 12 least productive with 1.7 x
10° TILs/fragment. Cultures were unable to be established from clinical
samples from patients 4, 7, 13 and 15 and were excluded from further
analyses. Flow cytometry was used for phenotype characterization of
TILs. Effector-memory (Tem) and naive T cells, respectively, made up
the most and least abundant phenotypes across all patient samples in
both CD4" and CD8" subsets, as shown in Figure 1B; Table 2 displays
individual marker frequency. The extent of exhaustion was assessed by
flow cytometry using the parameters PD-1, LAG3 and TIM3 displayed
in Figure 1C with CD8" TILs having higher median expression of all
three markers. Reactive abilities of the TILs were then tested by tumor-
stimulation followed by intracellular staining (ICS) and flow
cytometry. Autologous tumor was prioritized for stimulation
experiments. When unavailable, allogenic tumor was used (Table 2
shows tumor pairing). As shown in Figure 1D, the reactivity profile of
TILs varies greatly between samples. CD8" TILs showed to be
overwhelmingly more reactive to tumor, with the exception of TILs
produced from patient 5. Additionally, the bulk of the total reactivity
came from tumor necrosis factor (TNF) production, except for TILs
from patient 10, which was highly CD107a" in the CD8"
compartment. Overall, 73% of tumor fragments produced
established TIL cultures. Of these, measurable reactivity was detected
upon tumor stimulation from all samples, showing that TILs from
immunotherapy-resistant melanoma patients can still display anti-
tumor reactivity.

2.2 Profiling of TILs derived from CPI
modulated tumor fragments

Although all samples were obtained from CPI-treated and -resistant
melanoma patients, we further explored the influence of CPI
introduction directly to the intact tumor fragment. Figure 2A shows
the establishment and proliferative ability of TIL cultures form patient-
derived samples. Anti-CTLA-4 TIL cultures were established in 11 out
of 15 samples, while anti-PD-1 cultures were established in 14 out of 15.
While the total TILs per fragment were significantly higher with the
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TABLE 1 Patient profile. Detail of patients from whom tumor samples were obtained.

Stage at tumor

Patient # Age Sex HLAType ECOGPS Primary tumor origin = Biopsy site excision Previous treatment
MM 1 52 M Al 0 Skin sC 1IC pem

MM 2 55 M A2, A3 0 Unknown LN Ml1b ipi, pem

MM 3 60 F A2 0 Unknown LN Mlc ipi, pem

MM 4 64 F A2, A3 0 Skin sC Mlc ipi, pem

MM 5 55 M A2 1 Skin SC Mlc ipi

MM 6 53 M A2, A3 1 Skin SC Milc ipi, nivo

MM 7 50 F Al, A2 0 Skin LN Mib pem

MM 8 59 F Al 1 Unknown SC Mlc ipi, pem

MM 9 52 F Al 0 Skin Lung Milc pem

MM 10 73 M A3, All 0 Unknown SC Milc ipi, pem, nivo+rela
MM 11 67 F A2, A3 0 Skin SC/LN Mlc ipi, pem

MM 12 54 M A2 0 Skin SC Mla pem

MM 13 53 M A2 1 Skin sC Milc pem

MM 14 26 M Al, A24 0 Skin LN Mlc pem

MM 15 70 F A2 1 Skin LN Milc pem, dabra+tram, ipi+nivo

SC, subcutaneous; LN, lymph node; Pem, Pembrolizumab (anti-PD-1); Ipi, Ipilimumab (anti-CTLA-4); Nivo, Nivolumab (anti-PD-1); Rela, Relatlimab (anti-LAG-3); Dabra, Dabrafenib (BRAF-
inhibitor); Tram, Trametinib (MEK-inhibitor); ECOG PS, Eastern Coorperation Oncology Group Performance Status.

addition of PD-1-blocking antibodies compared to that of CTLA-4 (P
value = 0.0107), addition of checkpoint inhibitors did not statistically
improve overall TILs per fragment compared to TILs alone (anti-
CTLA-4, P value = 0.3054; anti-PD-1, P value = 0.1040). Figure 2B
shows TILs per fragment from both CPI groups normalized to the alone
group for each patient as detailed in section 4.2. Anti-PD-1 modulation
produced significantly more TILs per fragment than that of anti-CTLA-
4 when normalized to TILs from no checkpoint exposure (P value =
0.0085. Anti-CTLA-4 average normalized count: 1.57, +/-SD: 2.4; Anti-
PD-1 average normalized count: 43.96, +/-SD: 149.0). Figure 2C shows
that the bulk of TILs from all samples resides in the CD8"
compartment, while Tem is the dominant phenotype in both CD4"
and CD8" subsets (Figure 2D). These data can be found in Table 2. The
expression of exhaustion markers LAG3, TIM3 and PD-1 were not
influenced by CPI (Supplementary Figure S1). Further, naive cells are
the least abundant phenotype across the patient samples. The addition
of anti-CTLA-4 and anti-PD-1 into the TME produced TILs that were
able to react to tumor as measured by ICS as shown in Figure 2E.
Modulation of the TME with anti-CTLA-4 and anti-PD-1 similarly
produced the most reactive TIL from patients 5 and 10, although they
have distinct expression profiles. TILs derived from patient 6 were
evidently non-reactive whether the TME was modulated with anti-
CTLA-4 or anti-PD-1. Overall, CD8" subsets demonstrated the most
anti-tumor reactivity. These results show that TIL cultures can be
established after disrupting either CTLA-4 or PD-1 interactions in the
TME of CPl-resistant tumors, and that they are capable of anti-
tumor responses.

Since the addition of anti-PD-1 to the tumor fragments produced
established TIL cultures from three more patients than either the alone
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or anti-CTLA-4 conditions, we investigated how PD-1 interference
would affect the TILs in rapid expansion protocol (REP). TILs from the
previous section, and TILs from anti-PD-1 modulated tumor
fragments were expanded via REP as previously described (10, 11)
with or without the addition of 5 g/mL anti-PD-1 supplemented in the
culture medium. While the difference in REP yield was variable
between patients, alteration of the REP environment with anti-PD-1
went largely unchanged (Supplementary Figure S2).

2.3 Metabolic characteristics of TlLs remain
unchanged with CPI-modulation

Interactions with immunological checkpoints have been shown
to have downstream metabolic effects (14). Therefore, we sought to
investigate if checkpoint inhibition in the TME would alter the
metabolic qualities of TILs. The bioenergetics of patient-derived
TILs was measured in real-time using an XF-96 Extracellular Flux
Analyzer measuring oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR). Line graphs in
Figures 3A-C show a representative example of OCR and ECAR
measurements for patient derived TILs across the three TME
conditions. As summarized in the bar graphs of Figures 3A, B,
interfering with checkpoint interactions within the TME does not
alter the oxidative phosphorylation profile of TILs as measured by
basal or maximum respiration, spare respiratory capacity, nor ATP
turnover. Similarly, glycolytic abilities of the TILs were retained
regardless of TME intervention as shown in the bar graphs
of Figure 3C.
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FIGURE 1

Production and characterization of yTILs. (A) TIL cultures were established from 11 out of 15 patient samples. (B) Both CD4+ and CD8+ TILs are
primarily of the Tem phenotype. Exhaustion markers PD-1, LAG3 and TIM3 are expressed to some degree in almost all cultures (C). ICS analysis is
shown as a heatmap in (D). Color intensity increases with percent of positive frequency of parameter within CD4 or CD8 population shown in blue.
The heatmap to the right shows the percent of total reactive cells within the CD3 population indicated in red. Calculation for reactivity is described
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TABLE 2 Sample overview including TlLs/fragment. CD4 and CD8 frequencies. and ICS tumor stimulation for the three TME conditions.

Patient # CPI Modulation TILs/Fragment (x10A6) %CD4+ of CD3+ %CD8+ of CD3+  ICS Tumor Stimulation

Alone 3.66 31.2 662

MM 1 Anti-CTLA-4 2.63 292 65.7 Allogenic
Anti-PD-1 2 155 80.6
Alone 423 47.1 47.3

MM 2 Anti-CTLA-4 423 58.1 372 Allogenic
Anti-PD-1 6.21 70.8 25.1
Alone 3.6 37.7 488

MM 3 Anti-CTLA-4 7.43 267 632 Allogenic
Anti-PD-1 393 31.0 24.4
Alone 0.5 27.5 69.3

MM 4 Allogenic
Anti-CTLA-4 0.74 39.4 56.1

(Continued)
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TABLE 2 Continued

Patient # CPI Modulation TILs/Fragment (x10/6) %CD4+ of CD3+ %CD8+ of CD3+  ICS Tumor Stimulation

Anti-PD-1 8 7.4 91.0
Alone 5.18 52.0 40.7

MM 5 Anti-CTLA-4 2.78 87.2 10.8 Autologous
Anti-PD-1 3.65 61.6 351
Alone 5.14 87.9 11.1

MM 6 Anti-CTLA-4 2.6 7.9 83.7 Allogenic
Anti-PD-1 4.3 48.6 49.3
Alone 0.23 48.1 47.4

MM 7 Anti-CTLA-4 0.09 46.0 449 Allogenic
Anti-PD-1 0.95 226 68.4
Alone 4.15 21.6 75.6

MM 8 Anti-CTLA-4 2.73 72.9 24.9 Allogenic
Anti-PD-1 4.35 26.8 69.9
Alone 5.25 18.7 79.6

MM 9 Anti-CTLA-4 2.55 11.8 84.9 Autologous
Anti-PD-1 2.7 33.2 63.0
Alone 5.16 89 89.7

MM 10 Anti-CTLA-4 6.01 12.7 85.9 Autologous
Anti-PD-1 6.23 11.0 87.4
Alone 11.18 69.1 29.3

MM 11 Anti-CTLA-4 1.78 35.3 56.0 Autologous
Anti-PD-1 16.2 2.0 97.1
Alone 1.76 28.0 68.0

MM 12 Anti-CTLA-4 3.44 9.8 83.0 Autologous
Anti-PD-1 5.41 17.2 77.5
Alone 0.03 57.2 33.2

MM 13 Anti-CTLA-4 0.3 23.8 69.3 n.d.
Anti-PD-1 17.43 6.7 91.9
Alone 298 39.2 59.2

MM 14 Anti-CTLA-4 2.69 50.5 43.6 Allogenic
Anti-PD-1 6.94 78.2 19.1
Alone n.d. n.d. n.d.

MM 15 Anti-CTLA-4 n.d. n.d. n.d. n.d.
Anti-PD-1 n.d. n.d. n.d.

Red text indicates culture not established. N.d. indicates no data due to lack of TIL production.

2.4 TME-modulation with anti-CTLA-4 fragments would have on TILs in the TME. The specificity was assessed
broadens the tumor specificity of TlLs using antigen libraries consisting of 156 HLA-A*02:01 restricted tumor
antigens and a virus-derived peptide library comprised of 9 peptides.

Profiling of peripheral T cells has shown that systemic treatment ~ Peptide : HLA complexes were assembled on dextran-multimers
with CPI can influence the scope of antigen reactivity (22). Therefore, ~ coupled to unique DNA barcodes that corresponded to each peptide
we sought to investigate the effect local CPI treatment of intact tumor (27, 28). Tumor-associated multimers and virus-associated multimers
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FIGURE 2

CD3+

Addition of CPI to intact tumor fragments produce tumor-reactive TILs. (A) Anti-CTLA-4 and anti-PD-1 addition to the TME resulted in production of TILs
with a median of 2.66 x 10° and 5.88 x 10° TILs/fragment, respectively with statistical difference between the two groups (P value = 0.0107). TLs alone
dataset included as reference. (B) The number of TILs per fragment for both anti-CTLA-4 and anti-PD-1 conditions were normalized to the TlILs alone for
each patient. Data points indicate change in number of TILs per fragment from TILs alone baseline (dashed line). PD-1 inhibition produces significantly more
TILs per fragment than anti-CTLA-4 (P value = 0.0085). (C) Both CPI conditions produced high CD8:CD4 ratios and were dominantly Tem (D). ICS analysis
is shown as a heatmap in (E). Color intensity increases with percent of positive frequency of parameter within CD4 or CD8 population shown in blue. The
heatmap to the right show the percent of total reactive cells within the CD3 population in red. “X" indicates sample unavailable. Calculations for
normalization and reactivity are described in Methods section. *p < 0.05; **p < 0.001. Exact p values are listed in image description.

were coupled to PE and APC fluorophores, respectively. This DNA
barcoding allows for staining of TILs from HLA-A2-positive
individuals with multimer pools, FACS sorting and subsequent
amplicon sequencing to match with and identify epitope specificity
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of the TIL populations. Supplementary Figure S3 shows a
representative plot of sorted tetramer-positive populations. After
amplicon sequencing, specificities could be identified, and the sum
of the estimated frequencies (sum est feq) could be quantified.
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Figure 4A shows the number of tumor specificities recognized by
TILs from each TME condition. The influence of CPI in the intact
fragments increases the antigen specificities of both checkpoint
conditions. The averages and standard deviations are 7.14 (+/- 6.4),
12.57 (+/- 6.3), 11.43 (+/- 5.9) for the conditions alone, anti-CTLA-4
and anti-PD-1, respectively. This is statistically significant with the
addition of CTLA-4 blockade (P value = 0.0156) but not with the
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addition of anti-PD-1 (P value = 0.0938). This is reflected in the sum est
freq of tumor specific TILs (Figure 4B) in the anti-CTLA-4 group in
which the sum est freq is increased in all CTLA-4 inhibited samples,
although it is not statistically significant (P value = 0.2969). The
averages and standard deviations are 58.59 (+/- 18.14), 15.73 (+/-
1.79), 5.38 (+/- 1.06) for the conditions alone, anti-CTLA-4 and anti-
PD-1, respectively. However, this is not true of the TILs from patient 11
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FIGURE 4

Alone

a-CTLA4 a-PD-1

Evaluation of tumor-specificities of yTILs produced with IL-2 alone or CPI. yTILs were stained with pooled tetramers loaded with 156 unique HLA-A2-
restricted epitopes. (A) shows the number of tumor antigens yTILs from each patient had across conditions with anti-CTLA-4 group having statistically
significant more specificities than alone (P value = 0.0156), while the anti-PD-1 group is not significant (P value = 0.938). (B) shows the sum of the estimated
frequencies of tumor antigens across conditions. The sum est freq of the anti-CTLA-4 group is not statistically significant (P value = 0.2969). The individual
specificity frequencies for each tumor antigen across 3 antigen categories are represented with a heatmap (C). “X" indicates value of 54.17%. Wilcoxon test
was applied to compare paired data sets. "ns” = not significant; "*" represents the p value which is listed in the image description.

as the unmodulated TILs from this individual show a sum est freq of
tumor-reactivity that is 10- to 100-fold greater than that of any other
sample. The top 20 specificities in all of the TILs are shown in
Supplementary Figures S4 and the top 20 sum est freq is shown in
S5. The heatmap in Figure 4C depicts the individual estimated
frequency of tumor antigens for each patient within the three TME
conditions. Here, it can be seen that the bulk of the sum est freq from
patient 11 as noted above comes from specificity towards the gp100y; g
peptide. Antigens with no detected reactivity are not shown, resulting in
38 tumor antigens across three categories: differentiation antigens,
cancer testes antigens, and overexpressed antigens. Modulation with
CPI had no effect on the number and sum est freq of virus specificities of
TILs (Supplementary Figures S6, 7, respectively). Supplementary Table
S1 displays the full list of antigens.

2.5 TILs derived from CPl-modulated
tumor fragments retain antigen-
experienced phenotype within
tumor specific populations

Based on the initial screens using barcode-labelled pMHC
dextran multimers, we verified a number of tumor-specific
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populations of CD8 T cells recognizing tumor-shared antigens in
context of HLA-A*02:01. The tumor antigens with the highest sum
est freq were selected to further explore the impact CPI modulation
had on TIL epitope specificity. While select tetramers failed due to
strong pellet formation during staining (see methods), we found 46
populations across 16 TIL groups including 2 virus-specific
populations of CD8 T cells. To avoid noise from single events,
the lower threshold for detection was set at 0.001%. The frequency
range above the threshold included responses from 0.0016% specific
CD8 T cells to 41.7% gp100-specific CD8 T cells. Other noticeable
antigens recognized included MAGE-C3, TRP-2 and MART-1, as
well as TILs from a single patient recognizing synovial sarcoma X
breakpoint protein 2 (SSX-2) and human endogenous retrovirus K.
These data can be found in Supplementary Figures S8.1 — S8.3.
Figure 5A shows the analysis of virus or tumor specificity overlaid
with CD39 and CD69 expression. Frequency of tumor-specific CD8
T cells were highly variable and non-significantly changed between
conditions suggesting that anti-CTLA-4 and anti-PD-1 did not
exert strong positive or negative effects on expansion of antigen-
specific CD8 T cells shown in Figures 5B, C.

The expression profile of CD39 and CD69 within the bulk of the
CD8" population remained unchanged with CPI TME modulation
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(Figure 5D). Within the tumor antigen specific CD8" T cells, the
percentage of CD39 and CD69 double positive cells varies greatly

between patients. CPI modulation does not appear to alter this

phenotype within each patient whether viewed as individual

10.3389/fimmu.2023.1180997

populations of tumor reactive CD8" T cells (Figure 5E), or as the

sum of total tumor reactivity (Figure 5F). Figure 5G depicts the

heterogeneity of tumor specificities between patients

and conditions.
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FIGURE 5

Tumor-specific recognition and phenotype is largely unchanged between expansion conditions. Epitope-specific recognition of tumor-shared
antigens numerated with fluorescent combinatorial encoding of pMHC tetramers. All epitopes were restricted to HLA-A*02:01. Protein expression of
CD69 and CD39 in bulk CD8 T cells overlaid by data from each specific population as shown in (A). Enumeration of tumor-specific ie tetramer
double positive CD8 T cells (B). All populations for each donor are plotted individually. (C) Enumeration of total tumor-specific CD8 T cells i.e. the
sum of all individual tetramer double positive CD8 T cells per donor and expansion condition. (D) Stem-like and activated phenotypes for bulk CD8
T cells for each condition of interested described previously (20). (E) Terminally differentiated phenotypes among tumor-specific CD8 T cells.

(F) Terminally differentiated phenotypes among total tumor-specific CD8 T cells. (G) Individual enumeration of each tumor-specific population of
interest for each condition with each dot representing individual donors and their responses. ELA, ELAGIGILTV-MART-1. LLF, LLFGLALIEV-MAGEC2.
YLE, YLEPGPVTA-gp100. AML, AMLGTHTMEV-gp100. SVY, SVYDFFVWL-TRP-2. ITD, ITDQVPFSV-gp100. KAS, KASEKIFYV-SSX-2. MLA, MLAVISCAV-
HERV-K. P values were evaluated using unpaired kruskal-wallis test.
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Interestingly, we observed strongly differing frequencies of
CD8" T cells recognizing the same tumor epitope between
expansion conditions within the same donor. This pattern
appeared somewhat dynamic, whereby a few antigen-specificities
would preferentially expand in each culture. In the donor presented
in Figure 5A, MART-1-specific CD8 T cells for example appeared
more expanded in the anti-CTLA-4 and anti-PD-1 conditions than
the corresponding unmodulated condition (IL-2: 0.65%, Anti-
CTLA4: 2.79%, PD-1: 1.28%). However, the unmodulated TILs
instead contained a relatively higher frequency of MAGE-C2
specific CD8 T cells (IL-2: 1.42%, anti-CTLA-4: 0.028%, anti-PD-
1: versus 0.74%). Similarly, gp100 were highly expanded in another
donor during the IL-2 culture condition (41.7%) but underwent
next to no expansion in anti-CTLA-4 (0.28%) and anti-PD-1
(0.13%) conditions. Given the similarity between the
unmodulated and checkpoint-modulated conditions, such donor-
specific variability is likely due to a high variability inherent in the
expansion of TILs.

3 Discussion

TIL-based ACT has historically shown to be one of the most
effective therapeutic options for patients with metastatic melanoma
(3,9). While the potential for successful outcome has been shown to
decrease after other immunotherapeutic interventions prior to TIL-
based ACT, this treatment is still a productive therapy for many
patients (8, 10, 11). The incorporation of anti-PD1 and anti-CTLA-
4 into the TME of intact tumor fragments had mixed overall effects
on the TILs. Regardless of checkpoint inhibitor, some qualities of
un-altered TILs were retained, such as the bioenergetic abilities and
exhaustive phenotype. However, disruption of PD-1 interactions
appeared to have proliferative effects on the TILs, while the effects of
CTLA-4 inhibition were observed in their improved specificity.
These changes as a result of modulation of the tumor fragment were
narrow, which may have been a result of previous exposure to
prior immunotherapies.

We were unable to establish TIL cultures from patients 7, 13,
and 15 from tumor fragments that were unaltered, or with anti-
CTLA-4. Anti-PD-1 rescued the establishment of TIL cultures in
patients 7 and 13. This recovery and the improvement in total TIL
production compared to anti-CTLA-4 are evident, given the well-
known effects of PD-1 ligation on T cell apoptosis and proliferation
(12, 29, 30). CTLA-4 interactions occur mostly during the priming
phase of the immune response (31, 32). Perhaps the tumor
reactivity we appreciated, measured by total number of
specificities and sum est freq, is enriched with anti-CTLA-4
treatment because more tumor reactive TILs will receive the
costimulation needed in the priming phase to become activated
and localize to the tumor, thus boosting the T cell repertoire we
found in these samples. Unmodulated TILs from patient 11 showed
a sum est freq of tumor reactivity that was strikingly different from
those derived from any other individual. This detected specificity
was almost entirely due to the gpl00yle peptide. gpl00 is an
immunogenic protein shown to elicit strong t cell responses (33,
34) and encodes the well-known tumor-associated antigen pmell7,
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which is a historical immunotherapeutic target of multiple past and
ongoing clinical trials (35). Other experiments showed that CPI
modulation had striking differences on all parameters for this
patient. While the unmodulated and anti-PD-1 modulated
samples were among the most prolific cultures when producing
the TILs (11.2 x 10° and 16.2 x 10° TILs per fragment, respectively),
CTLA-4 inhibition resulted in only 1.8 x 10° TIL per fragment.
Further, the CD4:CD8 ratio in the unmodulated TILs favorable
towards CD4 with only 29.3% CD8". Anti-CTLA-4 treatment
changed this to 56% CD8" while anti-PD-1 treatment drastically
altered the CD8 compartment with 97.1% CD8", which was the
highest density in the dataset. Unfortunately, not enough anti-
CTLA-4 TILs were obtained for other experiments.

All patient samples consistently displayed an antigen
experienced Tem phenotype indicating that they are terminally
differentiated even before undergoing the rapid expansion protocol,
which is the second expansion phase of TIL-production for clinical
use. This was uninfluenced by checkpoint modulation of the TME.
CD39 is a late activation marker following antigen-specific
stimulation and a marker for tumor-reactivity in the tumor
microenvironment (36). Furthermore, CD39 is a known feature
of exhausted CD8 T cells with immunosuppressive capacity (37).
CD69 encodes a C-type lectin that functionally inhibits
sphingosine-1-phosphate receptors (S1P1-5), which is associated
with retention of CD8 T cells in lymphoid organs (38).
Furthermore, CD69 represents a marker of tissue resident CD8 T
cells (39) and is an early activation marker following TCR-
dependent activation (40). As shown by Krishna and colleagues
(20), the co-expression of CD39 and CD69 is a useful surrogate of
terminal differentiation in expanded TIL cultures, where
CD39°CD69" are incapable of further proliferation. CD39 and
CD69 double negative cells are correspondingly capable of
renewing all other subsets, when sorted in isolation.
Supplementation with anti-CTLA-4 or anti-PD-1 potentially
could remedy the relative number of terminally differentiated
tumor-specific CD8 T cells. We observed that bulk CD8 T cells
were dominated by CD39" cells with the majority co-expressing
CD69 (Figure 5D). Within tumor-specific i.e. tetramer double
positive CD8 T cells, we find that the majority were terminally
differentiated (CD39°CD69"), which did not vary across TME
checkpoint conditions (Figures 5E, F). Tumor-specific CD8 T
cells, much like bulk CD8 T cells, therefore, exhibited unchanged
frequency of terminally differentiated CD8 T cells. This is further
underlined by the similarity between TME conditions observed in
our metabolic assays. Multiple mechanisms downstream of PD-1
ligation have been identified that are understood to influence
metabolic pathways which could alter the fate of cell
determination (17, 41). We suspect the intervention with CPI was
too late to reshape the bioenergetic profile of the TILs using anti-
PD-1 and anti-CTLA-4 given the terminally differentiated state,
which resulted in the retention of the metabolic footprint of the
non-CPI TILs.

This study has demonstrated the ability to influence the
specificity and proliferative capabilities of TILs through ex vivo
modification of the microenvironment of tumor fragments. Our
greatest limitation was the access to patient material. All samples
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were obtained from ongoing clinical trials at our center, which is
currently the only way for patients with metastatic melanoma to
receive TIL-based ACT. Therefore, all individuals had previously
underwent treatment with, and had resistance to, one or more lines of
immunotherapy. This inhibited our ability to evaluate to which extent
prior treatment with CPI therapy influence the intact tumor
fragments with anti-CTLA-4 and anti-PD-1 blocking antibodies.
While we were unable to appreciate significant changes in
phenotype or bioenergetics, we do demonstrate that TILs derived
from patients with CPI-resistant metastatic melanoma retain a type
of plasticity that can be influenced by disrupting PD-1 and CTLA-
4 interactions.

4 Material and methods
4.1 Patient material

All patient material for this study was collected from a total of
15 patients with histologically verified malignant melanoma that
underwent surgery between April 2016 and April 2018 throughout
three different clinical trials at CCIT with an ECOG performance
status of 0-1. All trials were approved by legal authorities. An
overview of patient characteristics can be found in Table 1.

4.2 Generation of TIL cultures

Cultures were generated from tumor material that was obtained
during resection in preparation for TIL-based ACT. Immediately
after resection, fresh tumor tissue was transported to the cell
laboratory, and manually fragmented. Wells of 24-well plates
contained one fragment with 2 mL of complete medium (CM)
consisting of RPMI1640 with GlutaMAX, 25 mM HEPES pH 7.2
(Gibco, 72400-021), 10% heat-inactivated human AB serum (HS,
Sigma-Aldrich, H4522-100ML), 100 U/mL penicillin, 100 ug/mL
streptomycin (Gibco, 15140-122), 1.25 pug/mL Fungizone (Bristol-
Myers Squibb, 49182) and 6,000 IU/mL interleukin 2 (IL-2;
proleukin, Novartis, 004184). The incubation conditions for all
cultures throughout the study were 37°C at 5% CO,. Cultures were
fed by replacing half of the medium three times weekly. For
checkpoint inhibition-produced TILs, 5 pg/mL anti-CTLA-4
(Ipilimumab, Bristol-Myers Squibb) or 5 g/mL anti-PD-1
(Pembrolizumab, Merk/MSD) as indicated was added to the
medium of initial TIL cultures and was supplemented with every
media change. Eight fragments were used per condition. Initial TIL
cultures were established in vitro according to the young TIL method
by pooling TIL cultures derived from eight separate fragments (42).
TIL cultures were considered established when more than 1 x 10°
cells/fragment could be generated within 35 days in one of the culture
conditions yielding at least 8 x 10° TILs per condition. All initial TILs
from one patient across all conditions were harvested the same day in
an effort to minimize culture time difference between conditions.
Unestablished cultures generating less than 1 x10° cells/fragment
were harvested within three days of the other established conditions.
For normalization, anti-CTLA-4 and anti-PD-1 group TILs per
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fragment counts were divided by the TILs per fragment count of
the corresponding alone group for each patient.

4.3 Tumor cell cultures

Tumor cell lines were established either directly from tumor
fragments, from media used for transportation of the tumor
specimen or from enzymatically digested fresh tumor fragments.
R10 medium consisting of RPMI1640 with GlutaMAX, 25 mM
HEPES pH 7.2, 100 U/ml penicillin, 100 ng/ml streptomycin and
10% fetal bovine serum (FBS; Gibco, 10270-106) was used for
culturing tumor cell lines.

4.4 Flow cytometry

4.4.1 Phenotypic characterization of TILs
Cryopreserved TILs were stained for flow cytometry after
thawing in RPMI1640 with GlutaMAX, 25 mM HEPES pH 7.2,
100 U/ml penicillin, 100 pg/ml streptomycin. Cells were washed in
phosphate-buffered saline (PBS, Lonza, BE176-512F), stained at 4°C
for 30 minutes, washed and resuspended in PBS. The cells were
stained with Near-IR Live/Dead (NIR, Life Technologies, L10119).
The fluorochrome-labeled monoclonal antibodies (from BD
Biosciences, unless indicated otherwise) BV786 CD3 (563800),
BV711 and PE-AF700 CD4 (563033 and MHCDO0424,
Invitrogen), PerCP-Cy5.5 and QDot605 CD8 (565310 and
Q10009, Invitrogen), APC-R700 CD27 (565116), PE-Cy7 CD28
(560684), BV421 CD39 (563679), SB702 CD56 (67-0566-42, Life
Technologies), PE-CF594 CD57 (562488), PE-Cy5.5 CD69
(MHCD6918, Invitrogen), BV421 B- and T-lymphocyte
attenuator (BTLA, 564802), BV510 CCR7 (353232, Biolegend),
BV570 CD45RO (304226, Biolegend), FITC lymphocyte-
activation gene 3 (LAG-3, LS-B2237, LS Bioscience), PE-Cy7 PD-
1 (561272), BV650 T-cell immunoglobulin and mucin-domain
containing-3 (TIM-3, 565564) were used for surface staining.
Subsequently, the cells were fixed and permeabilized (eBioscience,
00-5123-43, 00-5223-56 and 00-8333-56) at 4°C for 30 minutes and
stained for intracellular cytokines PE TOX (thymocyte selection-
associated high-mobility group box protein, 12-6502-82,
Invitrogen) and AF647 TCF-1 (T-cell factor 1, 655204, Biolegend)
and the stained cells were analyzed with a Novocyte Quanteon
(ACEA Biosciences). The manufacturer information and clones of
the flow cytometry antibodies are listed in Supplementary Table S2.
Data analyses were carried out in Excel 2018 and GraphPad Prism
8. The change in the phenotypic subpopulations was investigated
for statistical difference using Wilcoxon matched-pairs rank test. A
two-sided P value of <0.05 was considered statistically significant.

4.4.2 Evaluation of tumor reactivity

Anti-tumor reactivity of in vitro expanded TILs was evaluated
after co-culture of the TILs with autologous or allogeneic tumor cell
lines in a ratio of 3:1 (unless indicated otherwise) for 5 hours. All
antibodies were purchased from from BD Biosciences, unless
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indicated otherwise. Golgi plug (BD Biosciences, 51-2301KZ) and
BV421 CD107a (345812) were added at the beginning of incubation
and TILs were stained with NIR and for surface markers BV786
CD3 (563800), SB702 CD56 (67-0566-42, Life Technologies),
QDot605 CD8 (Q10009, Invitrogen), PerCP-Cy5.5 CD4 (317428,
Biolegend), PE-Cy7 PD-1 (561272) and PE-CF594 CD39 (563678).
Subsequently, the cells were fixed and permeabilized (00-5123-43,
00-5223-56 and 00-8333-56, eBioscience) overnight and stained for
intracellular cytokines APC TNF (554514) and BV510 IFN-y
(502544, Nordic Biosite). The manufacturer information and
clones of the flow cytometry antibodies are listed in
Supplementary Table S3. The TILs were analyzed with a
Novocyte Quanteon. Tumor-reactive TILs were defined as T cells
expressing either TNF, IFN-y or CD107a. The response in an
unstimulated sample (negative control) was subtracted from the
stimulated samples.

4.5 Measurements of bioenergetics

The bioenergetics from patient-derived TILs was measured in
real-time using an XF-96 Extracellular Flux Analyzer (Seahorse
Bioscience, Agilent). On day one, Cryopreserved TILs were thawed
and rested overnight in RPMI-1640 (Gibco, Ref: 72400-021)
supplemented with 10% heat-inactivated human AB serum and
penicillin/streptomycin. On day two, the media was supplemented
with IL-2 (6000 IU/mL), and the TILs were left in culture for an
additional two days. On day four, the TILs were collected and
resuspended in Seahorse Assay Media (Seahorse Bioscience,
Agilent) supplemented with 1.0 mmol/L sodium pyruvate
(Agilent, Cat: 103578-100), 3.0 mmol/L glutamine (Agilent, Cat:
103579-100), and 4.0 mmol/L glucose (Cat: 103577-100). The TILs
were then plated in a Seahorse 96-well plate (300.000 cells/well).
Oxygen consumption rates (OCR) and extracellular acidification
rates (ECAR) were measured as the wells were consecutively treated
with 0.75 uM oligomycin (Sigma), 0,4 uM carbonyl cyanide p-
(trifluoromethoxy) phenylhydrazone (FCCP), and 2 uM Antimycin
A (Sigma). After the Extracellular Flux assay, the plate was washed
once in PBS (Sigma, ref: D8537) and the cells were then
resuspended in RIPA buffer (ThermoScientific, ref: 89900) and
centrifuged again. To determine the protein concentration in each
well in the extracellular flux assay, the supernatants were then
collected and used in a BCA protein assay kit (ThermoScientific, ref:
23225) according to the manufacturer’s instructions. Results were
analysed using the Epoch plate reader (BioTek) and Gen5 Take3
software (v1.00.4 BioTek) and were performed to normalize the
OCR and ECAR measurements according to the protein content.

4.6 Evaluation of specificity for shared
tumor antigens

4.6.1 Shared tumor antigens

A library of 156 unique HLA-A2-restricted tumor antigens was
used to screen TILs from patients with metastatic melanoma for
recognition of HLA-A2-restricted tumor-associated CD8" T-cell
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epitopes (Supplementary Table S1). The tumor antigen peptide
library can be grouped into four classes of antigens; differentiation
antigens: 26, cancer-testis antigens: 44, overexpressed antigens: 78
and mutation antigens: 6.

4.6.2 HLA typing

Whole exome (WXS) and RNA sequencing were performed as
described previously (43). Briefly, a fragment of each tumor used for
TIL production was cryopreserved and used for WXS. Mononuclear
cells were used as matched normal sample. DNA and RNA were
extracted from tumors and normal samples using AllPrep DNA/
RNA Mini Kit (Qiagen). WXS libraries were prepared using
SureSelect Target Enrichment System for Illumina Paired-End
Sequencing Library Protocol with Clinical Research Exome (CRE)
capture panel (Agilent Technologies) and sequenced on
NextSeq500 (Illumina). For HLA typing, the trimmed WXS data
were analyzed with OptiType version 1.2 (44) using RazerS version
3.4.0 (45) to align the reads. The trimmed RNA sequencing reads
were used as input to Kallisto 0.42.1 (46) to find the expression per
transcript. All peptides were purchased from Pepscan (Pepscan
Presto BV, Lelystad, Netherlands) and dissolved to 10 mM in
DMSO. A full list of TAA-derived peptides and virus peptides in
the study can be found in can be found in Supplementary Tables S1,
S$4, respectively.

4.6.3 MHC monomer production and generation
of specific pMHC multimers

The production of MHC monomers was performed as
previously described by Hadrup et al. (47). In brief, HLA heavy
chains and human B,m light chain were expressed in bacterial BL21
(DE3) pLysS strain (Novagen, Cat# 69451) and purified as inclusion
bodies. After solubilization, HLA inclusion bodies were refolded
with B,m light chain and a UV-sensitive ligand (48, 49) and the
folded monomers were biotinylated with BirA biotin-protein ligase
standard reaction kit (Avidity, 318 LLC-Aurora, Colorado) and
purified using a size-exclusion column (Waters, BioSuite125, 13um
SEC 21.5 x 300 mm) and HPLC (Waters 2489).

4.6.4 Detection of peptide-MHC-specific T cells
by barcoding

DNA-barcoded pMHC multimers were used to screen for T cell
recognition of all tumor- and virus derived epitopes. The method is
described in detail in Bentzen et al. (50). Briefly, peptide loading of
empty monobiotinylated A*02:01 monomers was performed. Each
generated pMHC complex was coupled to DNA barcode- and PE-
or APC-labeled dextran backbones (Fina Biosolutions LLC), so that
each specific peptide was encoded by a unique DNA barcode.
Metastatic melanoma TILs were stained with a pool of all
barcoded MHC-multimers and an antibody mix of CD8-BV480
(566121, BD), dump channel antibodies (CD4-FITC (345768, BD),
CD14-FITC (345784, BD), CD19-FITC (345776, BD), CD40-FITC
(MCA1590F, Bio-Rad), and CD16-FITC (335035, BD), and the
dead cell marker LIVE/DEAD Fixable Near-IR. The manufacturer
information and clones of the flow cytometry antibodies are listed
in Supplementary Table S5. Multimer-specific T cells were then
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sorted as single, live, CD8", FITC', PE" or APC" fraction of cells,
pelleted by centrifugation and cryopreserved at -80°C. DNA
barcodes were amplified from the cell pellet and from a stored
aliquot of the pMHC multimer reagent pool (used as baseline for
comparison) by PCR, purified with a QIAquick PCR Purification kit
(Qiagen, Cat#28104) and sequenced (Primbio, USA) using an Ion
Torrent PGM 318 chip (Life Technologies). Sequencing data were
processed by the software package “Barracoda”, available online at
http://www.cbs.dtu.dk/services/barracoda. This tool identifies
barcodes used in a given experiment, assigns sample ID and
PMHC specificity to each barcode, and counts the total number
(clonally reduced) reads for each pMHC-associated DNA barcode.
Log, fold changes in read counts mapped to a given sample relative
to the mean read counts mapped to triplicate baseline samples are
estimated with normalization factors determined by the trimmed
mean of M-values method. False-discovery rates (FDRs) were
estimated using the Benjamini-Hochberg method. A P value is
calculated based on the Log, fold change distribution, determining
the strength of the signal compared to the input. Also, p < 0.001,
corresponding to FDR < 0.1%, is established as the significance level
determining a T-cell response. Frequency of a pMHC-specific CD8"
T cell (sum est freq) was calculated as the fraction of the associated
barcode of the total number of multimer-positive CD8" T cells.

4.6.5 Validation of tumor antigen specific CD8* T
cells using combinatorial-encoding of
fluorescence tetramers

Combinatorial encoding of fluorescent tetramers was performed as
described previously (27, 28) with the following adaptations:
Streptavidins were bought fluorescently conjugated to BUV737
(612775, BD), BV421 (563295, BD), BV650 (563855, BD), BV786
(563858, BD), PE (405204, Biolegend), PE-CF594 (562318, BD), PE-
Cy7 (557598, BD) and APC (105243, Biolegend). The following
combinations of tetramers were regarded as viable unique identifiers
of a response with manageable fluorescent spillover: APC x PE-CF59%4,
APC x PE, APC x PE-Cy7, APC x BV421, APC x BV786, APC x
BUV737, PE-CF594 x PE, PE-CF594 x PE-Cy7, PE-CF594 x BV421,
PE-CF594 x BV786, PE-CF594 x BUV737, PE-CF594 x BV650, PE x
PE-Cy7, PExBV421, PEx BV786, PEx BUV737, PEx BV650, PE-Cy7
x BV421, PE-Cy7 x BV786, BV421 x BV786, BV421 x BUV737.
Streptavidins combinations were premixed at differing ratios and
stored at 4*C until multimer assembly. Any PE or APC combined
with the dimmer BV or BUV colors were mixed in ratio of 1:2, whereas
all remaining combinations were premixed 1:1. Streptavin
concentration in the final mix was 0.1 mg/ml. Following peptide
loading at, final concentration, 100 pg/ml pMHC both streptavidin
mixes and loaded pMHC complexes were spun at 3300 g, 4°C, 5 mins
before addition of 25.5 ul pMHC supernatant [100 pug/ml] to 4.63 ul
tetramer supernatant [0.1 mg/ml]. Loaded streptavidins were then
incubated for 30 minutes at 4°C before addition of freezing buffer
containing 50% glycerol, 5% BSA and 173 uM D-Biotin to a final
concentration of 24.1 uM D-Biotin followed by incubation for 20
minutes at 4°C before freezing and storage at -21°C.
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Staining of tetramer specific CD8 T cells was performed before
staining with surface antibodies by hard centrifugation of tetramer
combinations 3 times at 3300g, 4°C, 5 mins with transfers between
spins to separate wells without pellets. Patient-specific pools of
tetramers were then defined and used for resuspension of young
TIL cultures pre-washed in FACS buffer (2% FCS). Staining was
performed with 1 pl per tetramer combination in 50 pl total volume.
Dasatinib was added along with tetramers at a final concentration of
100 nM. Surface antibodies were added subsequently and included
CD3-PerCP (300427, Biolegend), CD4-FITC (347413, BD), CD8-
BV480 (566121, BD), CD69-BUV395 (564364, BD) and CD39-
FITC (328205, Biolegend). Pregating was performed on CD3"CD4
CD8" T cells with tetramers positive for exactly the combination of
interest and not for any of the other streptavidins used. Excluded
specificities included LVHFLLLKY-MAGE-A3, SLLMWITQA-NY-
ESO-1 and SLGWLFLLL-TAG-1 due to failed tetramer assembly
(i.e. strong pellet formation during staining or empty
peptide aliquots).

4.7 Statistics

Data analyses were carried out in Excel 2018 and GraphPad
Prism 8. The change in the TIL expansion, phenotypic
subpopulations, specificity and tumor reactivity was investigated
for the statistical difference using Wilcoxon matched-pairs rank
test. A two-sided P value of <0.05 was considered statistically
significant. For TAA-specificity validation experiments, statistical
analysis was performed using unpaired kruskal-wallis test to access
overall differences between expansion conditions. Rstudio
(2022.07.1) was used with R 4.0.5 to calculate P values and
generate plots by use of the tidyverse package suite (51) cowplot.

Data availability statement

The datasets presented in this article are not readily available
because the Danish Health Law “Sundhedsloven” and Personal
Data Protection Law “Persondataloven,” does not permit the
deposition of individual patient data to public repositories.
Requests to access the datasets should be directed to the senior
authors who may review and release all available data directly to
the external researcher via a data processing agreement that must
be approved by the Knowledge Centre on Data Protection
Compliance, Capital Region of Denmark.

Ethics statement

The studies involving human participants were reviewed and
approved by National Videnskabsetisk Komite. The patients/
participants provided their written informed consent to
participate in this study.

frontiersin.org


http://www.cbs.dtu.dk/services/barracoda
https://doi.org/10.3389/fimmu.2023.1180997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hulen et al.

Author contributions

TH and OM wrote the manuscript. TH, NK, CF and JG carried
out experiments and performed data analysis. OM conceptualized
and supervised the study. All authors contributed to the article and
approved the submitted version.

Funding

This study was supported by the Danish Cancer Society, Novo
Nordisk foundation and Aase og Danielsens Fonden.

Conflict of interest

IMS has lectured for or had advisory board relationships with
MSD, Sanofi Aventis, BMS, Pierre Fabre, Novartis, TILT
Biotherapeutics, IO Biotech, and Novo Nordisk. IS has received
research grants from Lytix biopharma, IO Biotech, BMS,
Adaptimmune, and TILT Biotherapeutics. IS is a co-founder and
shareholder for the company IO Biotech.

References

1. Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian SL, Toy ST, et al.
Use of tumor infiltrating lymphocytes and interleukin-2 in the immunotherapy of
patients with metastatic melanoma. Nejm (1988) 299:230-4. doi: 10.1056/
NEJM198812223192527

2. Rosenberg SA, Yannelli JR, Yang JC, Topalian SL, Schwartzentruber DJ, Weber
JS, et al. Treatment of patients with metastatic melanoma with autologous tumor-
infiltrating lymphocytes and interleukin 2. J Natl Cancer Inst (1994) 86(15):1159-66.
doi: 10.1093/jnci/86.15.1159

3. Dafni U, Michielin O, Lluesma SM, Tsourti Z, Polydoropoulou V, Karlis D, et al.
Efficacy of adoptive therapy with tumor-infiltrating lymphocytes and recombinant
interleukin-2 in advanced cutaneous melanoma: a systematic review and meta-analysis.
Ann Oncol (2019) 30(12):1902-13. doi: 10.1093/annonc/mdz398

4. Hulen TM, Chamberlain CA, Svane IM, Met O. ACT up TIL now: the evolution
of tumor-infiltrating lymphocytes in adoptive cell therapy for the treatment of solid
tumors. Immuno (2021) 1(3):194-211. doi: 10.3390/immuno1030012

5. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et al.
Five-year survival with combined nivolumab and ipilimumab in advanced melanoma.
N Engl ] Med (2019) 381(16):1535-46. doi: 10.1056/NEJMo0al910836

6. Hamid O, Robert C, Daud A, Hodi FS, Hwu W], Kefford R, et al. Five-year
survival outcomes for patients with advanced melanoma treated with pembrolizumab
in KEYNOTE-001. Ann Oncol (2019) 30(4):582-8. doi: 10.1093/annonc/mdz011

7. Robert C, Ribas A, Schachter ], Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab versus ipilimumab in advanced melanoma (KEYNOTE-006): post-
hoc 5-year results from an open-label, multicentre, randomised, controlled, phase 3
study. Lancet Oncol (2019) 20(9):1239-51. doi: 10.1016/S1470-2045(19)30388-2

8. Seitter SJ, Sherry RM, Yang JC, Robbins PF, Shindorf ML, Copeland AR, et al.
Impact of prior treatment on the efficacy of adoptive transfer of tumor-infiltrating
lymphocytes in patients with metastatic melanoma. Clin Cancer Res (2021) 27
(19):5289-98. doi: 10.1158/1078-0432.CCR-21-1171

9. Rohaan MW, Borch TH, van den Berg JH, Met 0, Kessels R, Geukes Foppen MH,
et al. Tumor-infiltrating lymphocyte therapy or ipilimumab in advanced melanoma.
N Engl ] Med (2022) 387(23):2113-25. doi: 10.1056/NEJM0a2210233

10. Andersen R, Borch TH, Draghi A, Gokuldass A, Rana MAH, Pedersen M, et al.
T Cells isolated from patients with checkpoint inhibitor-resistant melanoma are
functional and can mediate tumor regression. Annals Oncol (2018) 4(April):1575-81.
doi: 10.1093/annonc/mdy139

11. Borch TH, Harbst K, Rana AH, Andersen R, Martinenaite E, Kongsted P, et al.
Clinical efficacy of T cell therapy after term BRAF inhibitor priming in patients with

Frontiers in Immunology

14

10.3389/fimmu.2023.1180997

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The handling editor NO declared a shared parent affiliation
with the authors TH, CF, JG, TB, MP, MD, MA, IMS and OM at the
time of review.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180997/
full#supplementary-material

checkpoint inhibitor resistant metastatic melanoma. J ImmunoTher Cancer (2021) 9:
€002703. doi: 10.1136/jitc-2021-002703

12. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev (2010) 236(1):219-42. doi: 10.1111/j.1600-
065X.2010.00923.x

13. Fernandez-poma SM, Salas-benito D, Lozano T, Elizalde E, Alignani D,
Zubeldia N, et al. Expansion of tumor-infiltrating CD8+ T cells expressing PD-1
improves the efficacy of adoptive T-cell therapy. Cancer Res (2017) 77(13):3672-84.
doi: 10.1158/0008-5472.CAN-17-0236

14. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, Kobayashi
SV, et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms.
Mol Cell Biol (2005) 25(21):9543-53. doi: 10.1128/MCB.25.21.9543-9553.2005

15. Frauwirth KA, Riley JL, Harris MH, Parry RV, Rathmell JC, Plas DR, et al. The
CD28 signaling pathway regulates glucose metabolism ability of resting cells to take up
and utilize nutrients at levels sufficient to maintain viability (Rathmell et al in fat and
muscle cells insulin induces glucose uptake in excess of that required. Immunity (2002)
16:769-77. doi: 10.1016/S1074-7613(02)00323-0

16. Frauwirth KA, Thompson CB. Regulation of T lymphocyte metabolism.
J Immunol (2004) 172(8):4661-5. doi: 10.4049/jimmunol.172.8.4661

17. Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, et al. PD-1 alters T-
cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and
fatty acid oxidation. Nat Commun (2015) 6:1-13. doi: 10.1038/ncomms7692

18. Inozume T, Hanada KI, Wang QJ, Ahmadzadeh M, Wunderlich JR, Rosenberg SA,
etal. Selection of CD8++PD-1+ lymphocytes in fresh human melanomas enriches for tumor-
reactive T cells. ] Immunother (2010) 33(9):956-64. doi: 10.1097/CJL.0b013e3181fad2b0

19. Gros A, Yang JC, Rosenberg SA, Gros A, Robbins PF, Yao X, et al. PD-1
identifies the patient-specific infiltrating human tumors. J Clin Invest (2014) 124
(5):2246-59. doi: 10.1172/JCI73639

20. Krishna S, Lowery FJ, Copeland AR, Bahadiroglu E, Mukherjee R, Jia L, et al.
Stem-like CD8 T cells mediate response of adoptive cell immunotherapy against
human cancer. Science (2020) 370(6522):1328-34. doi: 10.1126/science.abb9847

21. Attrill GH, Owen CN, Ahmed T, Vergara IA, Colebatch AJ, Conway JW, et al.
Higher proportions of CD39+ tumor-resident cytotoxic T cells predict recurrence-free
survival in patients with stage IIT melanoma treated with adjuvant immunotherapy.
J Immunother Cancer (2022) 10(6):1-15. doi: 10.1136/jitc-2022-004771

22. Gangaev A, Rozeman EA, Rohaan MW, Isaeva OI, Patiwael S, van den Berg JH,
et al. Differential effects of PD-1 and CTLA-4 blockade on the melanoma-reactive CD8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180997/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180997/full#supplementary-material
https://doi.org/10.1056/NEJM198812223192527
https://doi.org/10.1056/NEJM198812223192527
https://doi.org/10.1093/jnci/86.15.1159
https://doi.org/10.1093/annonc/mdz398
https://doi.org/10.3390/immuno1030012
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1093/annonc/mdz011
https://doi.org/10.1016/S1470-2045(19)30388-2
https://doi.org/10.1158/1078-0432.CCR-21-1171
https://doi.org/10.1056/NEJMoa2210233
https://doi.org/10.1093/annonc/mdy139
https://doi.org/10.1136/jitc-2021-002703
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1158/0008-5472.CAN-17-0236
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1016/S1074-7613(02)00323-0
https://doi.org/10.4049/jimmunol.172.8.4661
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1097/CJI.0b013e3181fad2b0
https://doi.org/10.1172/JCI73639
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1136/jitc-2022-004771
https://doi.org/10.3389/fimmu.2023.1180997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hulen et al.

T cell response. Proc Natl Acad Sci USA (2021) 118(43):1-10. doi: 10.1073/
pnas.2102849118

23. Friese C, Harbst K, Borch TH, Westergaard MCW, Pedersen M, Kverneland A,
et al. CTLA-4 blockade boosts the expansion of tumor-reactive CD8+ tumor-
infiltrating lymphocytes in ovarian cancer. Sci Rep (2020) 10(1):1-12. doi: 10.1038/
541598-020-60738-4

24. Nielsen M, Krarup-Hansen A, Hovgaard D, Petersen MM, Loya AC,
Westergaard MCW, et al. In vitro 4-1BB stimulation promotes expansion of CD8+
tumor-infiltrating lymphocytes from various sarcoma subtypes. Cancer Immunol
Immunother (2020) 69(11):2179-91. doi: 10.1007/s00262-020-02568-x

25. Chacon JA, Sarnaik AA, Chen JQ, Creasy C, Kale C, Robinson J, et al.
Manipulating the tumor microenvironment ex vivo for enhanced expansion of
tumor-infiltrating lymphocytes for adoptive cell therapy. Clin Cancer Res (2015) 21
(3):611-21. doi: 10.1158/1078-0432.CCR-14-1934

26. Innamarato P, Asby S, Morse J, Mackay A, Hall M, Kidd S, et al. Intratumoral
activation of 41BB costimulatory signals enhances CD8 T cell expansion and modulates
tumor-infiltrating myeloid cells. J Immunol (2020) 205(10):2893-904. doi: 10.4049/
jimmunol.2000759

27. Hadrup SR, Bakker AH, Shu CJ, Andersen RS, van Veluw J, Hombrink P, et al.
Parallel detection of antigen-specific T-cell responses by multidimensional encoding of
MHC multimers. Nat Methods (2009) 6(7):520-6. doi: 10.1038/nmeth.1345

28. Andersen RS, Kvistborg P, Morch Fresig T, Pedersen NW, Lyngaa R, Bakker AH,
et al. Parallel detection of antigen-specific T cell responses by combinatorial encoding of
MHC multimers. Nat Protoc (2012) 7(5):891-902. doi: 10.1038/nprot.2012.037

29. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death.
EMBO J (1992) 11(11):3887-95. doi: 10.1002/j.1460-2075.1992.tb05481.x

30. Fife BT, Pauken KE. The role of the PD-1 pathway in autoimmunity and
peripheral tolerance. Ann N Y Acad Sci (2011) 1217(1):45-59. doi: 10.1111/j.1749-
6632.2010.05919.x

31. Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways similarities, differences,
and implications of their inhibition. Am J Clin Oncol Cancer Clin Trials (2016) 39
(1):98-106. doi: 10.1097/COC.0000000000000239

32. Oyewole-Said D, Konduri V, Vazquez-Perez ], Weldon SA, Levitt JM, Decker
WK. Beyond T-cells: functional characterization of CTLA-4 expression in immune and
non-immune cell types. Front Immunol (2020) 11(December). doi: 10.3389/
fimmu.2020.608024

33. Eisenberg G, Machlenkin A, Frankenburg S, Mansura A, Pitcovski J, Yefenof E,
et al. Transcutaneous immunization with hydrophilic recombinant gpl00 protein
induces antigen-specific cellular immune response. Cell Immunol (2010) 266(1):98-
103. doi: 10.1016/j.cellimm.2010.09.003

34. Kawakami Y, Dang N, Wang X, Tupesis J, Robbins PF, Wang R-F, et al.
Recognition of shared melanoma antigens in association with major HLA-a alleles by
tumor infiltrating T lymphocytes from 123 patients with melanoma. J Immunother
(2000) 23(1):17-27. doi: 10.1097/00002371-200001000-00004

35. BauluE, Gardet C, Chuvin N, Depil S. TCR-engineered T cell therapy in solid tumors:
state of the art and perspectives. Sci Adv (2023) 9(7):eadf3700. doi: 10.1126/sciadv.adf3700

36. Simoni Y, Becht E, Fehlings M, Loh CY, Koo S, Wei K, et al. Phenotypically distinct
in human tumour infiltrates. Nature (2018) 557:575-9. doi: 10.1038/s41586-018-0130-2

Frontiers in Immunology

15

10.3389/fimmu.2023.1180997

37. Vignali PDA, DePeaux K, Watson MLJ, Ye C, Ford BR, Lontos K, et al.
Hypoxia drives CD39-dependent suppressor function in exhausted T cells to limit
antitumor immunity. Nat Immunol (2022) 24(February):267-79. doi: 10.1038/s41590-
022-01379-9

38. Bankovich AJ, Shiow LR, Cyster JG. CD69 suppresses sphingosine 1-phosophate
receptor-1 (S1P1) function through interaction with membrane helix 4. J Biol Chem
(2010) 285(29):22328-37. doi: 10.1074/jbc.M110.123299

39. Kumar BV, Ma W, Miron M, Granot T, Guyer RS, Carpenter DJ, et al. Human
tissue-resident memory T cells are defined by core transcriptional and functional
signatures in lymphoid and mucosal sites. Cell Rep (2017) 20(12):2921-34.
doi: 10.1016/j.celrep.2017.08.078

40. Gonzalez-Amaro R, Cortés JR, Sanchez-Madrid F, Martin P. Is CD69 an
effective brake to control inflammatory diseases? Trends Mol Med (2013) 19
(10):625-32. doi: 10.1016/j.molmed.2013.07.006

41. Boussiotis VA, Patsoukis N. Effects of PD-1 signaling on immunometabolic
reprogramming. Immunometabolism. (2022) 4(2):1-17. doi: 10.20900/
immunometab20220007

42. Tran KQ, Zhou J, Durflinger KH, Langhan MM, Shelton TE, Wunderlich JR,
et al. Minimally cultured tumor-infiltrating lymphocytes display optimal characteristics
for adoptive cell therapy. J Immunother (2008) 31(8):742-51. doi: 10.1097/
CJL0b013e31818403d5

43. Lauss M, Donia M, Harbst K, Andersen R, Mitra S, Rosengren F, et al.
Mutational and putative neoantigen load predict clinical benefit of adoptive T cell
therapy in melanoma. Nat Commun (2017) 8(1):1-11. doi: 10.1038/s41467-017-
01460-0

44. Szolek A, Schubert B, Mohr C, Sturm M, Feldhahn M, Kohlbacher O. OptiType:
precision HLA typing from next-generation sequencing data. Bioinformatics. (2014) 30
(23):3310-6. doi: 10.1093/bioinformatics/btu548

45. Weese D, Holtgrewe M, Reinert K. RazerS 3: faster, fully sensitive read mapping.
Bioinformatics. (2012) 28(20):2592-9. doi: 10.1093/bioinformatics/bts505

46. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq
quantification. Nat Biotechnol (2016) 34(5):525-7. doi: 10.1038/nbt.3519

47. Hadrup SR, Toebes M, Rodenko B, Bakker AH, Egan DA, Ovaa H, et al. High-
throughput T-cell epitope discovery through mhc peptide exchange. Methods Mol Biol
(2009) 524:383-405. doi: 10.1007/978-1-59745-450-6_28

48. Toebes M, Coccoris M, Bins A, Rodenko B, Gomez R, Nieuwkoop NJ, et al.
Design and use of conditional MHC class I ligands. Nat Med (2006) 12(2):246-51.
doi: 10.1038/nm1360

49. Bakker AH, Hoppes R, Linnemann C, Toebes M, Rodenko B, Berkers CR, et al.
Conditional MHC class I ligands and peptide exchange technology for the human
MHC gene products HLA-A1, -A3, -All, and -B7. Proc Natl Acad Sci (2008) 105
(10):3825-30. doi: 10.1073/pnas.0709717105

50. Bentzen AK, Marquard AM, Lyngaa R, Saini SK, Ramskov S, Donia M, et al.
Large-Scale detection of antigen-specific T cells using peptide-MHC-I multimers
labeled with DNA barcodes. Nat Biotechnol (2016) 34(10):1037-45. doi: 10.1038/
nbt.3662

51. Wickham H, Averick M, Bryan ], Chang W, D’Agostino McGowan L, Frangois
R, et al. Welcome to the tidyverse. ] Open Source Softw (2019) 4(43):1686.
doi: 10.21105/joss.01686

frontiersin.org


https://doi.org/10.1073/pnas.2102849118
https://doi.org/10.1073/pnas.2102849118
https://doi.org/10.1038/s41598-020-60738-4
https://doi.org/10.1038/s41598-020-60738-4
https://doi.org/10.1007/s00262-020-02568-x
https://doi.org/10.1158/1078-0432.CCR-14-1934
https://doi.org/10.4049/jimmunol.2000759
https://doi.org/10.4049/jimmunol.2000759
https://doi.org/10.1038/nmeth.1345
https://doi.org/10.1038/nprot.2012.037
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1111/j.1749-6632.2010.05919.x
https://doi.org/10.1111/j.1749-6632.2010.05919.x
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.3389/fimmu.2020.608024
https://doi.org/10.3389/fimmu.2020.608024
https://doi.org/10.1016/j.cellimm.2010.09.003
https://doi.org/10.1097/00002371-200001000-00004
https://doi.org/10.1126/sciadv.adf3700
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1038/s41590-022-01379-9
https://doi.org/10.1038/s41590-022-01379-9
https://doi.org/10.1074/jbc.M110.123299
https://doi.org/10.1016/j.celrep.2017.08.078
https://doi.org/10.1016/j.molmed.2013.07.006
https://doi.org/10.20900/immunometab20220007
https://doi.org/10.20900/immunometab20220007
https://doi.org/10.1097/CJI.0b013e31818403d5
https://doi.org/10.1097/CJI.0b013e31818403d5
https://doi.org/10.1038/s41467-017-01460-0
https://doi.org/10.1038/s41467-017-01460-0
https://doi.org/10.1093/bioinformatics/btu548
https://doi.org/10.1093/bioinformatics/bts505
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1007/978-1-59745-450-6_28
https://doi.org/10.1038/nm1360
https://doi.org/10.1073/pnas.0709717105
https://doi.org/10.1038/nbt.3662
https://doi.org/10.1038/nbt.3662
https://doi.org/10.21105/joss.01686
https://doi.org/10.3389/fimmu.2023.1180997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Ex vivo modulation of intact tumor fragments with anti-PD-1 and anti-CTLA-4 influences the expansion and specificity of tumor-infiltrating lymphocytes
	1 Introduction
	2 Results
	2.1 Profiling of TILs derived from immunotherapy-resistant melanoma patients
	2.2 Profiling of TILs derived from CPI modulated tumor fragments
	2.3 Metabolic characteristics of TILs remain unchanged with CPI-modulation
	2.4 TME-modulation with anti-CTLA-4 broadens the tumor specificity of TILs
	2.5 TILs derived from CPI-modulated tumor fragments retain antigen-experienced phenotype within tumor specific populations

	3 Discussion
	4 Material and methods
	4.1 Patient material
	4.2 Generation of TIL cultures
	4.3 Tumor cell cultures
	4.4 Flow cytometry
	4.4.1 Phenotypic characterization of TILs
	4.4.2 Evaluation of tumor reactivity

	4.5 Measurements of bioenergetics
	4.6 Evaluation of specificity for shared tumor antigens
	4.6.1 Shared tumor antigens
	4.6.2 HLA typing
	4.6.3 MHC monomer production and generation of specific pMHC multimers
	4.6.4 Detection of peptide-MHC-specific T cells by barcoding
	4.6.5 Validation of tumor antigen specific CD8+ T cells using combinatorial-encoding of fluorescence tetramers

	4.7 Statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


