REVIEW ARTICLE

Surgical Considerations for Tumor Tissue Procurement to
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Abstract: Adoptive cell therapy with tumor-infiltrating lymphocytes
(TILs), an investigational cellular therapy, has demonstrated antitumor
efficacy in patients with advanced solid tumors, including melanoma.
Tumor-infiltrating lymphocyte cell therapy involves surgical resection
of a patient's tumor, ex vivo TIL expansion under conditions that overcome immunosuppressive responses elicited by the tumor and the tumor
microenvironment, administration of a lymphodepleting regimen, and infusion of the final TIL cell therapy product back into the patient followed
by interleukin 2 administration to support T-cell activity. The surgeon
plays a central role in patient identification and tumor selection—steps that
are critical for successful outcomes of TIL cell therapy. Commercialization
of TIL cell therapy and its broader access to patients will require education
and collaboration among surgeons, oncologists, and cellular therapists.
This review highlights the unique role that surgeons will play in the implementation of TIL cell therapy and serves as a contemporary report of best
practices for patient selection and tumor resection methods.
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A

doptive cell therapy (ACT) is a form of personalized immunotherapy that leverages the body’s natural defenses against
cancer. Different modalities of ACT have been explored over the
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years, including the use of tumor-infiltrating lymphocytes (TILs),
T-cell receptor (TCR) gene modified T-cell therapy, and chimeric
antigen receptor–modified T cells, each characterized by a distinct
mechanism of action.1–3 Of these, TIL cell therapy represents an
ideal modality for treatment in solid tumors, because of the polyclonal nature of the infusion product, which is capable of generating a response to a multitude of nonoverlapping patient-specific
neoantigens. This polyclonality is expected to reduce the potential
for immune escape via loss of target antigen expression by neoplastic cells.4 Tumor-infiltrating lymphocyte cell therapy involves surgical resection of a portion of a patient’s tumor, followed
by ex vivo expansion of immune cells capable of recognizing
patient-specific neoantigens, and reinfusion of these autologous
immune cells into the patient to specifically target and eliminate
tumor cells.5 The various steps involved in TIL cell therapy are
outlined in Figure 1. Current TIL regimens include a preparative
nonmyeloablative lymphodepletion regimen approximately 5 to
7 days preceding TIL infusion and an abbreviated course of
high-dose interleukin 2 (IL-2) after TIL infusion.6,7
Adoptive cell therapy using investigational TIL cell therapy
has demonstrated encouraging efficacy and safety in clinical trials
for several patient populations with high unmet medical need,
including advanced melanoma,6,8–13 non–small cell lung cancer (NSCLC),14–16 cervical cancer,12,17 and head and neck
squamous cell carcinoma (HNSCC).12,18 Most of these studies
included heavily pretreated patients who had failed all prior
therapies and had limited treatment options. Preliminary efficacy
of TIL cell therapy has also been reported in the second-line setting for human papillomavirus–associated epithelial cancers,19
epithelial ovarian cancer,20,21 colorectal cancer,22 breast cancer,23
and cholangiocarcinoma.24
Given that TIL cell therapy requires a surgical resection from
which the cell therapy product is generated, the role of the surgeon
in this therapy is fundamental to its success. Tumor-infiltrating
lymphocyte cell therapy programs have historically been researchoriented, single-institution programs with surgeons intimately involved in the research aspects of TILs. As TIL cell therapy nears
commercialization and soon may become more widely available,
a broad variety of cancer surgical subspecialists, such as thoracic
surgeons, head and neck surgeons, and gynecological oncologists,
may be asked to procure tissue for TILs from a variety of anatomic
sites. Furthermore, the success of tumor procurement for TIL
manufacturing is highly dependent on active engagement among
highly coordinated multidisciplinary and multifunctional teams
throughout the patient’s treatment, including surgeons, medical
oncologists, cell therapy teams, and laboratory personnel involved in tumor procurement. This report addresses many key
aspects of the surgeon’s role in patient selection, tumor resection, and processing for TIL generation and provides surgical
practice recommendations and considerations for a multidisciplinary setting, with a focus on rapid translation to clinical
www.journalppo.com
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FIGURE 1. Steps involved in TIL cell therapy.

practice. The primary objective is not only to identify best practices that minimize patient morbidity and inconvenience during surgical resection but also optimize tumor tissue quantity and quality
for TIL generation.

PATIENT SELECTION IN A
MULTIDISCIPLINARY SETTING
In collaboration with the treating medical oncologists, surgeons select patients, choose appropriate lesion(s) for resection,
and plan the surgical approach. As the tumor resection is not
therapeutic in intent, it is crucial to design an intraoperative strategy that minimizes perioperative morbidity. Patients selected for
TIL cell therapy may have received multiple prior lines of therapy and may have limited life expectancy and functional status
due to advanced disease. Therefore, it is critical that these initial
planning steps are performed in a timely manner to reduce time
to treatment and maximize patient fitness for the full TIL treatment regimen, including administration of nonmyeloablative
lymphodepletion, TIL cell therapy, and IL-2.25
Several patient and clinical characteristics have been considered when selecting patients for TIL cell therapy in clinical trials.
Eligible patients typically present with Eastern Cooperative Oncology Group performance status ≤1; lack comorbidities such as
irreversible cardiac dysfunction, impaired pulmonary function,
or autoimmune disorders requiring immunosuppression; and are
not at a high risk of bacterial infection from diseases such as biliary obstruction or indwelling catheters (i.e., palliative biliary or
ureteral stents).25 Symptomatic brain metastases represent a unique
point of pretherapy evaluation; lesions greater than 1 cm and those
with edema, although not disqualifying, should be managed to the
extent possible before TIL cell therapy infusion to minimize risk
of complications, such as hemorrhage during the period that the
patient has profound thrombocytopenia due to lymphodepletion.
Finally, surgery and/or bridging therapy during the TIL manufacturing process may be required for patients with extensive and/or
rapidly increasing tumor burden to avoid progression that would
preclude receipt of TIL cell therapy.25
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TUMOR/SURGICAL SITE SELECTION
AND CONSIDERATIONS
Most solid tumors, especially melanoma and lung cancer, are
characterized by a population of cells that exhibit phenotypic and
biologic differences, leading to intratumoral and intertumoral heterogeneity.26 In addition, heterogeneity exists within the patient
population in terms of tumor location, performance status, organ
involvement, and extent of disease, which leads to a wide range
of procedures for tumor resection.27 The tumor, as the starting material for TIL cell therapy, is essential to the final infusion product.
Choosing the optimal anatomic resection site and streamlining
subsequent steps are critical to optimize TIL yield and to ensure
patients recover adequately before receiving the nonmyeloablative
chemotherapy approximately 3 weeks after the surgical procedure
and 7 days before TIL infusion.27 Therefore, surgical sites that
minimize morbidity (e.g., subcutaneous nodules) and that can be
performed in the outpatient setting are favored, although superficial lesions may not always yield the required amount of tumor
or may need to be avoided to facilitate wound healing.25 In these
instances, more complex resections may be needed to procure tumor tissue from the thorax or abdomen.
Minimally invasive options, such as laparoscopic surgery for
visceral resections or robotic-assisted resection in the case of pulmonary metastasis, should always be considered to avoid delay in
initiation of TIL cell therapy that might be associated with prolonged postoperative recovery. Sites that have been previously irradiated, those with ulcerated tumors, or those with high risk of
bacterial growth (e.g., bowel lesions), leading to contamination
of TIL cultures, should be avoided.25
Only a few published studies have reported on the choice of
tumor resection site and TIL generation from a surgical perspective.
Following the early encouraging responses to TIL cell therapy
demonstrated by the Surgery Branch at National Cancer Institute,
Klapper et al.28 reported their experience with 107 patients with
metastatic melanoma undergoing surgical procedures for TIL procurement between 1998 and 2009. In this historical retrospective
report, thoracotomy and video-assisted thoracoscopic surgery
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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were the most common surgical approaches, with nonanatomic
(wedge) resection and lobectomy identified as the most common
surgical procedures. Although 70% of the TIL cultures exhibited
antitumor activity, 83 of the 107 patients (78%) could not receive
TIL cell therapy, mostly because of aggressively progressing disease or lack of TIL growth or reactivity in culture. Although this
finding highlighted the need for improved patient selection,
timely surgery, and refinement in TIL expansion protocol, it also
demonstrated the value of thoracic metastasectomy in TIL procurement.28 In a later study conducted by Zippel et al.,27 of the
47 tumor resections from 44 patients performed for obtaining
TILs, 37 were performed using general anesthesia, which included 27 open procedures (thoracotomy, laparotomy, dissection
of a major lymph node basin) and 10 minimally invasive procedures (thoracoscopy or laparoscopy). Notably, 3 of the 44 patients
underwent a second resection and TIL infusion. Of the 37 major
surgical procedures for TIL procurement (using general anesthesia),
the rate of surgical mortality and major morbidity was 0%, which
the surgeons attributed to a multidisciplinary approach for careful
planning and selection of resection site, simplification and streamlining
of the technique, and use of “young” short-term cultured bulk TILs.
Minor morbidity included only wound infections.27
In the same study by Zippel et al.,27 tumor resection was performed from a single anatomic site per patient, most commonly
lymph node metastasis, followed by subcutaneous nodules, lung
metastasis, and abdominal metastatic sites, including 2 liver lesions (separate patients). Each patient was infused with an average
39.4  109 TILs, with the lymph nodes yielding the highest number of TILs and the liver metastatic lesions yielding the lowest
number of TILs. In agreement with this finding, metastatic tumor
sites such as lung and lymph nodes have been shown to generate
viable TILs more frequently than gastrointestinal (GI) sites, possibly
due to contamination of GI tumors with gut bacteria or yeast.25,29
Although TIL clinical trials to date have been mostly limited to
melanoma, TILs have been successfully resected and expanded
from soft tissue sarcoma, lung, bladder, head and neck, cervical,
and triple-negative breast cancer tumors, as well as pancreatic,
liver, and NSCLC metastatic sites.30–34 Some cancers inherently
contain more TILs than others,35 which will dictate the surgical
approach and choice of resection site. Technical issues associated
with each tumor resection site and tissue-specific considerations
have been reviewed by Gastman et al.36
In a study by Goff et al.,29 analysis of growth and activity of
TILs obtained from various resection sites showed no association
with age, sex, or a specific therapy administered within 3 months
of tumor harvest. Although prior chemotherapy was negatively associated with TIL growth on a per-patient basis, the effect was
modest, and viable TILs could be generated from 78% of patients
who received prior chemotherapy (vs. 87% who did not receive
prior chemotherapy). Overall, tumors smaller in diameter, tumor
digests with higher percentage of lymphocytes, and tumors resected
from GI metastasis were found to be unfavorable for growth and
tumor-specific activity. However, the reported analyses have not
demonstrated precise cutoff values with sufficient sensitivity or
specificity. Interestingly, tumor digests containing more than 60%
infiltrating lymphocytes showed favorable growth, but their tumor
reactivity was markedly reduced compared with tumor digests
containing ≤60% infiltrating lymphocytes.29 Nevertheless, all of
these studies indicate that successful growth and expansion of viable, active TILs have been possible from all resection sites and
tumor types.
Contemporary ACT trials have demonstrated success with
developing a TIL infusion product from multiple anatomic sites.
In a multicenter phase II trial in patients with metastatic melanoma,
tumors were successfully resected from multiple primary and
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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metastatic sites that yielded an adequate number of TILs (≥1  109
TILs) for 1-time TIL infusion. The resection sites included skin,
lung, lymph nodes, liver, spleen, lung, peritoneum, musculoskeletal sites, breast, and subcutaneous tissue.6 Of the 78 resected patients in this study, 66 (85%) received the target dose of viable
TILs; 9 were not treated for patient-related factors, including progressive disease; and 3 did not have the target range of viable TILs
available.6 Recently, in a multicenter phase II study of patients
with advanced NSCLC, more than 50% of lesions resected were
from the lung, and patients could be administered therapeutic
TIL doses with minimal morbidity.16 The feasibility of TIL production from NSCLC tumors was also demonstrated in a phase
I study, in which adequate tumor tissue was collected from excisional biopsy of metastases in pleural nodules or supraclavicular
lymph nodes, with most patients discharged within a day following the biopsy procedure.15

USE OF MINIMALLY INVASIVE PROCEDURES FOR
TUMOR RESECTION
Minimally invasive techniques are preferred to reduce postoperative morbidity, including surgical site infections, wound
healing complications, anastomotic air leaks, and overall depression of the patient's performance status.36 As all patients considered for TIL cell therapy have, by definition, advanced disease,
surgical resection of metastatic sites for TIL procurement is not
necessarily performed with therapeutic intent and traditional oncologic margins.25
Patients without a target lesion that can be resected without
minimal morbidity are not necessarily precluded from consideration for TIL cell therapy. Core needle biopsy (CNB) procedures
are less invasive than open surgical biopsy and provide more substantial tissue samples than those seen with fine-needle-aspiration
biopsy.37 The less invasive nature of CNB also allows a greater
number of patients, including frail patients and patients with comorbidities, to benefit from TIL cell therapy. Core needle biopsy
was successfully used to obtain an adequate number of TILs
(>5  106 cells) from melanoma.38 Although the CNB sample
size was small (n = 11), 4 patients (36%) achieved objective responses, including 1 complete response. The authors note that,
in contrast to the discomfort, cost, and risk of complications associated with surgery, CNB is a quick, inexpensive procedure requiring only local anesthesia and can aid in streamlining TIL generation protocols across multiple centers.38 Although these data are
encouraging, formal resection of a metastatic deposit should be
the preferred approach for TIL procurement until refinements in
TIL procurement and expansion techniques are able to demonstrate significant clinical responses from CNB.
Although a nonvisceral resection site is desired for TIL generation for ACT because of reduced morbidity, resection of liver
metastasis may be considered to obtain adequate quantity of TILs
in the absence of other acceptable sites. In a retrospective analysis
of 22 patients who were scheduled for planned laparoscopic liver
resection to generate TILs for ACT, a completely laparoscopic
procedure could be performed in 91% (20 of 22) of patients, with
low intraoperative blood loss and median 3 days of hospitalization. The success rate of TIL production was 82% (18 of 22 patients), demonstrating the feasibility of resection of liver metastasis using a laparoscopic approach.33
When possible, skin, soft tissue, and superficial lymph nodes
are preferred owing to their feasibility in an outpatient setting with
minimal risks. In the absence of these preferred sites, resection of
peripheral sites and smaller nodules within visceral organs, such
as the lung and liver, may be secondarily considered. However,
TIL derived from secondary lymphoid organs, such as spleen or
www.journalppo.com
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bowel, may pose limitations due to the abundance of bystander
non–tumor-reactive T cells that may preferentially expand within
the TIL culture.25 Metastases from the GI tract raise concerns of
contamination. If possible, other sites should be attempted first.
Expansion of TIL from glioma tumor tissue using a cytokine
cocktail of IL-2, IL-15, and IL-21 has been reported; the authors
noted that TIL expansion from glioma lesions was not possible
using the standard IL-2–based expansion protocol.39 Tumor resection from central nervous system metastasis as a source of TIL
generation has not been extensively studied; thus, central nervous
system lesions are not an ideal resection site.

IMAGE-GUIDED APPROACH FOR
LESION SELECTION
Before resection, a multidisciplinary team of physicians, including the attending surgeon, should convene to evaluate a patient’s imaging studies to determine an appropriate anatomical
location for tumor resection. Image guidance for tumor procurement has been recommended for urologic tumors (e.g., renal
cancer) because of the tumors being highly vascular and susceptible to hemorrhage.40 Similarly, use of interventional radiology
with image-guided techniques has been suggested in the setting of
recurrent disease, where surgery is not indicated.36 Image-guided
CNB techniques are applied to obtain tumor tissue from complex
anatomic locations, such as the spine and pelvis. As noted earlier,
ultrasound-guided CNB was successfully used in patients with
melanoma to obtain TILs for ACT and could be particularly safe
in instances where surgery is contraindicated.38 Magnetic resonance imaging–guided percutaneous biopsy may be particularly
explored for procurement of adequate tumor tissues where there
is lack of tissue contrast and vascular visibility.41 Image-guided
approaches coupled with minimally invasive procedures may mitigate the complications and recovery associated with open resection, potentially expanding access to TIL cell therapy to patients
with significant medical comorbidities and poor performance status.
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The optimization of minimally invasive approaches for tumor tissue procurement for TILs requires ongoing investigation.42
Image-guided biopsy sampling for tumor characterization
has been widely used for patient selection, molecular profiling,
and response monitoring. Recently, a Web-based lesion-selection
tool has been developed to ensure consistency in tumor biopsy site
selection and to streamline the tumor sample acquisition process
across a multidisciplinary team.43 Although this platform is aimed
at improving the consistency in lesion selection for sequential biopsy procedures, it could potentially be applied to select appropriate
tumor resection sites for TIL production and establish a uniform
online workflow between the multidisciplinary team involved in
patient care (medical oncologist, surgeon, and radiologist).
Examples of patient scans that can aid in lesion selection and
choice of accompanying minimally invasive procedure for TIL
procurement are shown in Figure 2. The procedures include minimally invasive outpatient surgery for superficial lymph nodes,
laparoscopic liver resection, and video-assisted thoracoscopic surgery wedge resection for a pulmonary nodule (data on file). Additional patient case studies to explain considerations and rationale
for selecting suitable tumor resection sites for TIL production can
be found in a Supplementary Video by Dr. Michael E. Egger (Supplemental Digital Content 1, http://links.lww.com/PPO/A38).

ADDITIONAL TUMOR TISSUE CONSIDERATIONS
The approach and conduct of the operative resection are not
the only role of the surgeon in optimizing TIL cell therapy. The
ex vivo prosection and preparation of the lesion before TIL
manufacturing are a crucial step to ensure cell expansion success
and thus should be performed by the operating surgeon (Fig. 3).
During prosection, zones within the resected lesion should be selected that are more likely to be highly infiltrated with TILs; preferred sites include areas at the periphery of the tumor mass and
areas adjacent to blood or lymphatic vessels, as these may be
more likely to contain tertiary lymphoid structures formed from

FIGURE 2. Examples of image-guided lesion selection for TIL procurement in patients with metastatic melanoma. Tumor diameter
measurements are indicated on each panel. The metastatic sites were as follows: patient 1: left iliac lymph node, multiple subcutaneous sites;
patient 2: bulky left inguinal lymphadenopathy (pictured), 2 hepatic metastases; patient 3: inferior right hepatic lobe, multiple smaller
metastases in lymph nodes; patient 4: multiple lesions in both lungs. Additional case studies on considerations and rationale for selecting
suitable tumor resection sites for production of the TIL treatment can be found in a Supplementary Video by Dr. Michael E. Egger (see Video,
Supplemental Digital Content 1, http://links.lww.com/PPO/A38). All patients provided informed consent. VATS, video-assisted
thoracoscopic surgery.
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FIGURE 3. Best practices to be considered during intraoperative prosection of tumor tissue. A, Tumor tissue immediately after resection with
margin of grossly normal surrounding tissue. B, Bisection of the tumor reveals areas of necrosis (white asterisk) and viable tumor (red
asterisk). Necrotic portion of tumor is removed (C), and the viable portion of the tumor is fragmented in preparation for placement into
transfer media (D).

lymphocytes and antigen-presenting cells within the tumor in response to chronic inflammation.44
The tumor must be carefully prosected by the operating surgeon in sterile fashion, with care to exclude nontumor tissue. Necrotic, hypervascular, or adipose tissue remaining in the resected
tumor tissue correlates negatively with TIL growth ex vivo.45,46
The operating surgeon is best qualified to prosect and select the
most viable tumor tissue for optimal TIL production. Although
no formal minimal size criteria have been established for resection
of viable solid tumor tissue, some studies and trials in progress
recommend a postprosection aggregate tumor tissue diameter of
1 cm or greater47 or 1.5 cm or greater but less than 4 cm,6,16,48
whereas others recommend a metastatic tumor tissue of 1 cm3 or
greater (>2 cm3 for lymph nodes).7 If the volume of tissue from
1 lesion is not adequate, an additional lesion can be resected to
make up the size specifications, with 1.5 cm or greater in aggregate
diameter after trimming to meet the minimum TIL manufacturing
requirements. Some metastatic tumors, such as breast tumors, are
small and may require multiple resection sites to accumulate
enough tissue.35 The total volume of viable tissue resected should
include sufficient samples for TIL manufacturing and separate samples for other possible testing, such as pathology review.
At the discretion of the physician, examination of an intraoperative frozen section may be performed, for example, in the case
of a presumed tumor-bearing lymph node, because non–tumorbearing lymph nodes will likely result in the expansion of non–
tumor-specific lymphocytes of no therapeutic value. Material
used for pathology review should be divided under sterile conditions in the operating room (OR) by the surgeon and kept separate from the tissue that will be used for TIL manufacturing.
The portion of the tumor tissue designated for TIL manufacturing
should be placed directly in the sterile media and sent to the cell
manufacturing facility.

BEST PRACTICES TO AVOID CONTAMINATION OF
THE TIL INFUSION PRODUCT
Following tumor extirpation, the risk of tumor tissue contamination can be mitigated with OR procedures akin to organ transplantation. As such, OR equipment and any instruments that may
contact tumor tissue must be sterile. To ensure fidelity in the sterile processing of the tissue, recommended practice is to prepare
the tumor tissue on a sterile OR back-table and to place the tumor
tissue directly into the sterile transfer media after prosection. A tumor larger than 1.5 cm in diameter may be cut into smaller pieces
using a sterile scalpel before placing in tumor media to allow increased surface area of tumor contact with the transfer media.
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

The tumor tissue should leave the OR only after prosection has
been completed and the tissue sealed in a sterile media transfer
container. To decrease the time from resection to media placement, the prosection should be accomplished by the operating surgeon, while the first assistant attends to the closure of the surgical
wound. Pathology review, if possible at the discretion of the physician, is suggested to confirm colocalization of lymphocytes and
malignant cells, especially in secondary lymphoid-rich tissues
where bystander T cells that lack antitumor immune specificity
may expand ex vivo along with TILs.25 Any tumor material used
for pathology review should be handled separately and not used
for TIL generation.
Although sterile operative conditions, as noted above, are
universally practiced, the inherent bioburden within the tumor
poses a challenge. This is further amplified in anatomical areas
that usually have a microbiome (e.g., mouth, aerodigestive tract
including the GI tract, genital organs, skin lesions). Thus, tumors
resected from these higher-risk areas can be expected to have a
higher contamination rate, a finding that would be supported by
the types of pathogens identified. As expected, tumor types that
colocate in higher-risk areas, such as HNSCC and cervical carcinoma, had a higher contamination rate, whereas it can be speculated
that lung cancer would be associated with a very low contamination
rate. Strategies to decrease contamination for resections from
higher-risk sites are being explored and could include addition
of antimicrobial agents in the media that is used for tumor shipment45 or the use of closed-system tissue-processing vessels.45,49

TUMOR RESECTION SITE DOES NOT INFLUENCE
TCR REPERTOIRE
Although the site of tumor procurement may influence the
rate of contamination, it is not associated with expansion of TILs
or quality of TILs obtained. Tumor-infiltrating lymphocytes, by
definition, represent a polyclonal T-cell product with diverse antigen specificity50 and comprised a diverse patient-specific TCR
repertoire.51 The TCR repertoire is defined by the presence of unique
TCR β-chain complementarity-determining region 3 (CDR3) sequences in the patient's blood51,52 and can be assessed using several validated commercial assays.53,54 Each T-cell clone expresses
a unique TCR, which is identifiable by the CDR3; thus, unique
CDR3 sequences (uCDR3) provide a measure of clonality of the
TCR repertoire within the expanded TIL product. In an analysis
of pre– and post–TIL-infusion peripheral blood mononuclear cell
samples from patients with metastatic melanoma enrolled in a
phase II clinical trial, no significant differences in TCR diversity
(Shannon Entropy Index) or clonality (Simpson Clonality Index)
www.journalppo.com
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were observed between tumors resected from a variety of sites,
such as skin, lymph node, liver, lung, peritoneum, musculoskeletal sites, breast, and other organs6 (Figs. 4A, B). Similarly, resection site did not influence the proportion of overlapping clones in
tumor samples and the infused TIL cell products; nor did it influence the persistence of these clones (Figs. 4C–E).
Although the patient care team may need to consider factors,
such as access to the resection site, risk of contamination based on
resection site, type of procedure, patient performance status, and
recovery time before receipt of TILs, the above findings suggest
that the site of tumor resection does not affect T-cell persistence
or the clonality or diversity of TCR repertoire after TIL infusion.
Further analyses of pre– and post–TIL-infusion peripheral
blood mononuclear cell samples in patients with metastatic melanoma indicated that long-term (day 42) TIL persistence,51,52 number of unique TCR clonotypes,51 and TCR diversity51 have shown
no association with clinical response, but the TCR repertoire following infusion represents the only meaningful assay to describe
persistence of the infusion product. Further, the in vivo fate of
individual TIL clones is not dependent on their frequency in
the infusion product, as minor clones within the infusion product
can expand preferentially after infusion, hypothetically reflecting
antigen-driven clonal proliferation.51 The TCR repertoire of TILs
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(LN-145) generated from NSCLC tumors of patients with advanced
NSCLC demonstrated a highly polyclonal product with unique TCR
clones, as indicated by the Shannon Entropy Index and Simpson
Clonality Index.16 The number of unique TCR clones obtained
from NSCLC tumors, as well as measures of diversity and clonality,
was similar to those previously published for lifileucel for melanoma51 and LN-145 for cervical cancer.52 These results support
the fact that preference of a particular resection site is unlikely to
have a downstream influence on the quality of TILs as defined by
the presence of unique and focused TCR clonotypes.

ADVANCES IN TIL MANUFACTURING PROCESS
Patients with advanced cancer often have limited life expectancy, leaving them unable to complete TIL cell therapy because
of historically lengthy (4–6 weeks) TIL manufacturing processes.25,55
More recently, the development of a centralized, streamlined, 22-day
manufacturing process has enabled faster manufacturing of investigational autologous TIL products lifileucel and LN-145 and produced a 96% manufacturing success rate in patients with melanoma.6 By comparison, viable TIL cultures have been generated
in 94% to 96% of patients in previous single-center studies.10,29
Across all tumor types investigated, including melanoma, lung,

FIGURE 4. Site of tumor resection does not impact diversity, clonality, proportion of overlapping clones, or persistence of patient-specific TCR
clones. The Shannon Diversity Index (A) and Simpson Clonality Index (B) are shown for the TIL products generated and indicate no
significant differences between the sites of resection. A larger Shannon Entropy Index indicates a more diverse CDR3 population. Values can
range from 0 (monoclonal sample) to log2(R) (evenly distributed, polyclonal sample with R unique clones). Simpson Clonality Index reflects
monoclonality or polyclonality of a sample and is inversely related to diversity (Shannon Entropy Index). Values can range from 0 (evenly
distributed, polyclonal sample) to 1 (monoclonal sample). Tumor samples collected at the time of resection (FFPE) were analyzed and
compared with the TIL products infused and blood samples from preinfusion and postinfusion time points. Unique clonotypes identified from
the FFPE tumor samples and the TIL products are shown in blue and yellow, respectively; clonotypes identified in both samples are indicated
in green and reflect tumor-associated clonotypes also captured in the TIL products (C). The contribution of these shared clonotypes to the total
TCR repertoire in the FFPE (gray) and the TIL (white) samples is shown in boxplots (D). These shared clonotypes were also assessed for their
contribution to the total TCR repertoire in the preinfusion and postinfusion (day 42) blood (E). “Other” sites include peritoneum,
musculoskeletal, breast, and other sites. FFPE indicates formalin-fixed, paraffin-embedded.
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cervical, and head and neck, lifileucel and LN-145 were successfully manufactured for more than 90% of patients who underwent
tumor resection.10,29,56
A rapid TIL manufacturing process, with a manufacturing
duration of 16 days, is being developed that will require only a
small amount of starting tumor material, such as from core biopsies or tumors with poor TIL infiltration.57 Further advancements
in the manufacturing timeline include addition of an IL-2/IL-15/
IL-21 cytokine cocktail, which enhances TIL numbers 20% more
than the use of IL-2 alone.58 Tumor-infiltrating lymphocyte expansion during manufacturing is also promoted with PD-1 blockade,31 4-1BB stimulation,31,58,59 and CD8+ T-cell enrichment via
anti-OX40 antibodies,60 which are effective strategies not only
to improve TIL yield but also to enhance effector cell function
of TILs. Addition of an anti–PD-1 antibody to TIL cultures led
to significant increase in the absolute number of TILs and also
produced significantly more interferon-γ (IFN-γ) in the presence
of an HLA-matched tumor line compared with TIL cultures
treated with an isotype control.31 Similarly, costimulation with agonistic anti–4-1BB antibody selectively enriched the population
of CD8+ cells in the TIL cultures and markedly increased IFN-γ
production when compared with an HLA-mismatched tumor
line.31,58,59,61 An agonistic anti-OX40 antibody added to TIL cultures
promoted CD8+ TIL expansion at the expense of CD4+ T cells and
significantly enhanced IFN-γ secretion compared with untreated
TIL cultures, while maintaining the diverse TCR-V(β) repertoire
in both CD8+ and CD4+ cell subsets.60 These preclinical data warrant further investigation into PD-1 inhibition, as well as 4-1BB
and/or OX40 stimulation, as avenues to enhance the yield and function of TIL infusion products.
To date, numerous academic institutions and research centers
have demonstrated the ability to resect tumors, manufacture TILs,
and treat patients with TIL cell therapy. However, tumor procurement and processing protocols vary between centers, and the lack
of standardization represents an opportunity to make the process
more efficient and reproducible outside research protocols. As
TIL cell therapy approaches commercialization, standardized protocols are required. Recent multicenter studies in advanced melanoma, HNSCC, cervical cancer, and NSCLC represent a major
advance in this respect.6,12,16 These studies benefit from a centralized Good Manufacturing Practice process, which allows for
timely delivery of therapy and facilitates the production of reproducible high-quality TIL cell therapy products for broader patient
accessibility. Centralized manufacturing additionally drives increased capacity, and cryopreservation of the final TIL product
provides flexibility in scheduling. With these manufacturing advances, TIL cell therapy enters the commercial landscape with a
centralized scalable process that can generate TILs from a variety
of solid tumor sources received from multiple academic centers/
hospitals across the United States and/or abroad.

FUTURE DIRECTIONS AND CONCLUSIONS
Although centralization of TIL manufacturing is a significant
advance, tumor resection, site selection, and procurement still require optimization and careful consideration for each patient. Excess tumor beyond what is required for routine diagnostic purposes and TIL manufacturing should be reserved for pathologic
or research purposes. Streamlined protocols for rapid tumor resection, fragmentation, and processing to standardize temperature
control; choice of medium, reagents, and supporting feeder cells;
and sample shipping logistics will greatly enhance TIL production
and potency.35
An area of concern has been the substantial proportion of patients who have their tumors resected and TILs cultured but are
© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.
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not able to receive TIL cell therapy because of rapid progression
of disease or development of intracranial metastasis, leading to declined performance status.29 The considerably reduced centralized
TIL manufacturing time represents a major step toward facilitating
timely access of TIL cell therapy to high-risk patients. However,
considering the aggressive nature of solid tumors, questions regarding TIL administration as an earlier line of therapy, optimal
bridging therapies, and potential tumor banking must also be addressed to further expedite the time to receipt of TIL cell therapy.
Implementation of core biopsies and other image-guided minimally invasive procedures for tumor resection (particularly for
thoracic and abdominal tumor resections) will reduce surgical
morbidity and potentially reduce time to start TIL cell therapy.27
With their expertise in immunotherapy and vital role in patient identification and tumor resection and prosection, surgeons
are key contributors to the success of TIL cell therapy and its effective transition from the clinical trial setting to a standard-ofcare treatment option. Surgeons, in collaboration with medical oncologists, can facilitate early patient scheduling to ensure access to
TIL therapy and timely completion of surgical resection before
disease progression or clinical deterioration. Finally, active educational and training opportunities and intrainstitutional and interinstitutional collaborative involvement of surgeons in conjunction
with pathologists, radiologists, technicians, and cell therapists
are warranted for better treatment planning algorithms, regardless
of the tumor type, for wider access and benefit of TIL cell therapy.
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