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Abstract 50 

Inhibitors of the PD-1 – PD-L1 axis have been approved as therapy for numerous human 51 

cancers. In spite of the evidence for their widespread clinical activity, little is known on the 52 

immunological alterations that occur in human cancer tissue upon PD-1 blockade. We developed and 53 

employed a patient-derived tumor fragment (PDTF) platform to dissect the early immunological 54 

response of human tumor tissue to ex vivo PD-1 blockade. We observe that the capacity of immune 55 

cells to be reactivated ex vivo was predictive of clinical response, and perturbation analyses identify 56 

tumor-resident T cells as a key component of this immunological response. In addition, through 57 

combined analysis of baseline properties and immune response capacity we identify a novel subgroup 58 

of infiltrated tumors that lacks the capacity to respond to PD-1 blockade. Finally, the baseline presence 59 

of tertiary lymphoid structures and their components correlates with the capacity of cancers to 60 

undergo intratumoral immune cell reactivation. 61 

  62 
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Main text 63 

Introduction 64 

Immune checkpoint blockade targeting the PD-1/PD-L1 pathway has transformed cancer 65 

treatment in many tumor types. At present, PD-1 and/or PD-L1 blocking antibodies have been 66 

approved for 16 tumor types1. In addition, PD-1/PD-L1 blockade forms the backbone of 1,000s of 67 

ongoing clinical studies that evaluate combination immunotherapies in oncology1. In spite of the 68 

central role of PD-1/PD-L1 axis blockade in oncology, the immunological consequences of such 69 

blockade in human cancers remain incompletely understood. To provide three specific examples, 70 

recent data suggest (i) that PD-1 blockade may mainly target peripheral – rather than tumor-resident 71 

– T cells, as inferred from changes in the intratumoral TCR repertoire between pre- and on-treatment 72 

biopsies2-4, (ii) that PD-1 blockade may to a substantial extent act via myeloid cells, as based on mouse 73 

models in which PD-1 is selectively absent on such cells5, and (iii) that PD-1 and PD-L1 blockade may 74 

not necessarily be functionally equivalent, as based on evidence in preclinical models indicating that 75 

the latter can free up a pool of B7 molecules on APCs that may provide a costimulatory signal6. 76 

To assess how the immunological properties of human cancers are altered upon PD-1 77 

blockade, a number of studies have compared pre- and on-treatment biopsies to evaluate, for 78 

instance, changes in the abundance of defined T cell populations, or changes in the intratumoral TCR 79 

repertoire7,8. While this approach is important to understand the longer-term consequences of 80 

immune checkpoint blockade, its value in deciphering the early effects of checkpoint blockade is 81 

limited. Notably, the observation of a 30% complete or major pathological response rate after a single 82 

cycle of anti-PD-1 in a recent neoadjuvant study in melanoma9 underscores the importance of early 83 

changes in intratumoral immune activity. As a second limitation of current approaches, the use of 84 

serial biopsies does not allow one to directly compare the effects of different perturbations, 85 

complicating efforts to answer mechanistic questions.  86 

Human ex vivo systems that maintain the tumor microenvironment (TME) and architecture as 87 

found in the patient, but that enable perturbation by immunotherapies, provide an opportunity to 88 
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study both the dynamics of treatment response and baseline properties of a tumor. In two recent 89 

studies, different technologies have been devised to investigate ex vivo responses to immune 90 

checkpoint blockade. In particular, a system using human air-liquid interface organoids consisting of 91 

both tumor and stroma components was shown to allow preservation of the intratumoral T cell 92 

repertoire and showed upregulation of interferon-g (IFNg), granzyme B and perforin expression upon 93 

PD-1 blockade10. Similarly, ex vivo treatment with anti-PD-1 and/or anti-CTLA-4 was shown to elicit 94 

cytokine secretion in patient-derived organotypic tumor spheroids11. However, a significant 95 

correlation between these immunological alterations and clinical response to immune checkpoint 96 

blockade was not established. The development of ex vivo models that can predict clinical response 97 

would be of particular value, as it would allow one to assess the effect of additional perturbations on 98 

the TME (see below), and thereby directly test the functional importance of specific cell types or 99 

cytokines in treatment response. Towards this goal, we developed and validated a patient-derived 100 

tumor fragment (PDTF) platform to assess the early immunological response of five different cancer 101 

types to ex vivo PD-1 blockade. We have subsequently used this platform to evaluate (i) whether early 102 

immunological response correlates with clinical response, (ii) whether there are baseline parameters 103 

that can predict immunological responsiveness, and (iii) whether distinct subtypes of immunologically 104 

non-responsive tumors can be identified. Our data demonstrate that the capacity of tumors to 105 

respond clinically to PD-1 blockade correlates with the capacity of already resident intratumoral 106 

immune cells to be reactivated by PD-1 pathway blockade. Furthermore, this immunological 107 

responsiveness is driven, at least in part, by pre-existing intratumoral T cells. In addition, we identify 108 

three subtypes of non-responsive tumors that differ in both the magnitude and location of the T cell 109 

infiltrate, but that share a lack of substantial tumor reactivity. Finally, the baseline presence of tertiary 110 

lymphoid structures and their components were shown to be predictive for the capacity of cancers to 111 

undergo immune cell reactivation upon PD-1 blockade. 112 

 113 

 114 
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Results 115 

A human tumor fragment platform that preserves TME and architecture 116 

To assess the early immunological responses of human cancers to PD-1 blockade, we 117 

developed an organotypic culture platform using patient-derived tumor fragments (Fig. 1a). In this 118 

platform, fresh tumor tissue from surgical resections is dissected into fragments of approximately 119 

1mm3, with the aim to allow sufficient nutrient and reagent access while preserving the cellular 120 

contexture and architecture of the tumor. Furthermore, the use of small-sized tumor fragments also 121 

allows the mixing of PDTFs from different tumor areas, thereby reducing the confounding effects of 122 

tumor heterogeneity (Extended Data Fig. 1a). In order to prevent immune cell efflux, PDTFs were 123 

embedded in artificial extracellular matrix (Extended Data Fig. 1b,c). To assess stability of the tissue 124 

during culture, T cell, non-T cell, and non-immune cell compartments, as well as cytokine and 125 

chemokine secretion, were analyzed at different timepoints. Stable levels of cellular and soluble 126 

factors were observed up to 48 hours of culture (n=4), indicating that this system allows the analysis 127 

of early effects of ex vivo treatment (Extended Data Fig. 1d). By comparing PDTF cultures with and 128 

without matrix, we confirmed that embedding in matrix did not limit T cell functionality or induce 129 

unspecific immune activation (Supplementary Fig. 1a-d). Penetration of exogenously added antibodies 130 

into PDTFs was validated by both flow cytometry and immunofluorescence staining (Extended Data 131 

Fig. 1f), and parallel cultures of PDTFs from six tumors showed comparable patterns of steady state 132 

secretion of soluble factors for all matched samples, providing a measure of the reproducibility of the 133 

data obtained (Extended Data Fig. 1e). Jointly, these and additional data (Supplementary Fig. 1e-h) 134 

validate PDTFs as a platform to assess the functional importance of certain cell types or cytokines 135 

upon ex vivo immunotherapeutic perturbation.  136 

 137 

Immunological response of human cancers to PD-1 blockade 138 

To evaluate the immunological response to PD-1 blockade in distinct human cancers (relevant 139 

controls shown in Extended Data Fig. 2a-c), we profiled the effect of PD-1 blockade on 37 tumors from 140 
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five different cancer types (melanoma, non-small cell lung cancer (NSCLC), breast cancer, ovarian 141 

cancer and renal cell carcinoma) (Extended Data Fig. 2d), using 13 cytokines, 13 chemokines, and 4 T 142 

cell activation markers as readouts. For each parameter, normalized delta values between the anti-143 

PD-1 treated and untreated condition were determined and used for unsupervised hierarchical 144 

clustering. This analysis revealed two broad groups of tumors: a larger group that showed only minor 145 

treatment-induced changes in all of the assessed parameters (24/37 tumors, hereafter referred to as 146 

PDTF non-responders, PDTF-NR), and a smaller group of tumors (13/37) that displayed a clear increase 147 

in immune activity upon ex vivo PD-1 blockade (PDTF responders, PDTF-R) (Fig. 1b). The immunological 148 

responder group was dominated by melanoma and NSCLC samples, but also contained two ovarian 149 

cancers. Principal component analysis resulted in a similar division between PDTF-NR and PDTF-R 150 

samples and indicated a further subdivision of PDTF-R tumors based on distinct response patterns 151 

(Fig. 1c). While response patterns were reproducible in independent PDTF cultures from the same 152 

tumor (Extended data Fig. 3a), analysis of individual tumor fragments, rather than pooled tumor 153 

fragments, demonstrated intratumoral heterogeneity in response capacity (Extended Data Fig. 3b-c). 154 

Modeling of these data emphasized the need to average PDTF responses over a series of 155 

approximately eight tumor fragments (Extended Data Fig. 3d), as done in all standard PDTF cultures.  156 

AUC analysis of individual parameters revealed that the separation of PDTF-R and PDTF-NR 157 

tumors was mostly driven by a subset of parameters, including CXCL1, IFNg and CXCL10 (see also 158 

below), and this information was used to establish a PDTF response score based on the most 159 

discriminative parameters (Extended data Fig. 4a-c). To understand whether these ex vivo 160 

immunological responses of resected lesions would correlate with clinical response, we focused on 161 

the 12 patients who subsequently received PD-1 blocking therapy. Even though immunological 162 

response was in some cases assessed on lesions that were resected during an earlier disease stage, ex 163 

vivo PDTF response and clinical response correlated in 12/12 cases (p=0.0013, Fig. 1d, clinical response 164 

reflects best radiological response). To further understand the relationship between ex vivo PDTF 165 

response and clinical response, an additional cohort of 26 patients with matched clinical response 166 
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data, including melanoma and NSCLC lesions obtained from 12 patients that did not respond to clinical 167 

PD-1 blockade, was assessed. For the 3 patients experiencing a mixed response, an immunological 168 

response was observed in 2/3 cases. For the 23 patients achieving either a partial or complete 169 

response (n=5), or showing stable or progressive disease (n=18), clinical outcomes were in all cases in 170 

full concordance with the immunological response (p<0.0001) (Fig. 1d). To understand whether 171 

different tumor lesions of a patient show heterogeneity in their immunological response, we assessed 172 

ex vivo anti-PD-1 responses in PDTFs from 11 patients for whom multiple lesions could be collected. 173 

Of note, in 8/11 (73%) patients we observed concordant immunological responses (Extended data Fig. 174 

4d). The majority of samples in our cohort was derived from primary tumor lesions (Extended Data 175 

Fig. 2d, Supplementary Table 1), and the PDTF-R group showed a slight enrichment for lymph node 176 

metastases (4/13 compared to 4/24 PDTF-NR). To determine whether the immunological responses 177 

observed were mainly driven by lymph node metastases, anti-PD-1 responses in PDTFs from 27 lymph 178 

node metastases and 18 lesions of primary tumors or distant metastases were compared, showing 179 

similar ranges of the response score between the two groups (Extended data Fig. 4e). Jointly, the 180 

above data indicate that clinical response to anti-PD-1 therapy correlates with the capacity of tumor-181 

resident immune cells to be (re-)activated by PD-1/PD-L1 pathway blockade.  182 

 183 

Tumor-resident T cells drive the response to PD-1 blockade 184 

Prior work has provided evidence for a role of T cells in the activity of PD-1 blocking 185 

antibodies12, and the high-level expression of PD-1 on human tumor-reactive T cells is in line with this 186 

model13-15. However, it is presently unclear, whether tumor-resident T cells can be reactivated by PD-187 

1 blockade, or whether treatment mainly mobilizes peripheral T cells as recently suggested2,3. Analysis 188 

of T cell activation markers, as well as the T cell effector cytokines IL2, TNFa and IFNg, revealed 189 

detectable increases upon ex vivo PD-1 blockade in PDTF-R tumors (Fig. 2a, Extended Data Fig. 5a). 190 

Importantly, tumor-resident T cells in PDTF-NR tumors did not respond to PD-1 blockade, but could 191 

be activated by anti-CD3 antibodies (Extended Data Fig. 5b,c), indicating that these T cells can respond 192 
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to TCR triggering, and that the PD-1 – PD-L1 axis is not a critical signaling pathway that limits the 193 

physiological activity of this T cell pool. PD-1 blockade further induced the release of multiple 194 

cytotoxicity markers including perforin, granzymes A and B, and granulysin in PDTF-R tumors, 195 

suggestive of reactivation of an intratumoral cytotoxic T or NK cell response (Fig. 2b,c). Importantly, 196 

not only parameters that directly reflect T cell activation, such as CD137 expression and IL2 and IFNg 197 

production, but also IFNg target molecules, such as the CXCL9 and CXCL10 chemokines, were increased 198 

by PD-1 blockade. In addition, induction of a series of other chemokines, including CXCL1, CXCL5, 199 

CCL17 and CCL20, was significantly associated with response (Fig. 2d,e, Extended Data Fig. 6).  200 

Recent work from Strauss et al. has provided clear evidence that PD-1 blockade may not only 201 

act on T cells, but that PD-1 expression on myeloid cells may contribute substantially to the activity of 202 

PD-1 blocking therapies in mouse models5. To understand to what extent the observed immune 203 

reactivation in human cancers could be modulated by either preventing T cell receptor signaling or 204 

downstream IFNg receptor signaling, we pretreated PDTFs from eight responding tumors with either 205 

a lymphocyte-specific protein tyrosine kinase inhibitor (LCKi), or with an IFNgR1 blocking antibody 206 

(aIFNgR1, optimal concentrations identified by titration experiments using anti-CD3/anti-CD28 207 

stimulated PBMCs, Extended Data Fig. 7a-c). Preincubation of PDTFs with aIFNgR1 antibody abolished 208 

part of the anti-PD-1 response, with the most profound effects on IFNg-induced molecules such as 209 

CXCL9, CXCL10 and CXCL11, on CD4+ T cell cytokines such as IL21, as well as on the chemokines CCL3 210 

and CCL5 (Fig. 2f, Extended Data Fig. 7d,e). Notably, inclusion of LCKi prevented anti-PD-1-induced 211 

immune reactivation for most parameters (Fig. 2f, Extended Data Fig. 7d,e). In addition, Lck inhibition 212 

in PDTF-R tumors not only abolished immune activity upon PD-1 blockade, but reduced immune 213 

activity below the levels present during steady-state (Fig. 2g,h, Extended Data Fig. 7d,e). Jointly, these 214 

data provide evidence that immune reactivation following PD-1 blockade is to a large part dependent 215 

on tumor-resident T cells. In addition, the data imply that the T cell pool in these tumors is generally 216 

not fully inert prior to PD-1 blockade, but is characterized by a low-level steady-state anti-tumor 217 

response. 218 
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 219 

Subtypes of immunologically non-responsive tumors 220 

Having established that pre-existing immune cells can be reactivated in only part of human 221 

tumors, we wished to explore whether baseline properties of tumors can predict capacity for immune 222 

reactivation by PD-1 blockade. Prior studies have indicated that the level and type of immune infiltrate 223 

of human tumors are associated with clinical response to immunotherapy16-19. Jointly, these studies 224 

have led to the definition of three major tumor subgroups: immune desert tumors in which immune 225 

cells are largely absent, excluded tumors in which the T cell compartment is primarily peritumoral, 226 

and infiltrated tumors in which the T cell infiltrate is observed amongst tumor cell nests. To investigate 227 

whether the differences in the observed immunological response of human cancers to PD-1 blockade 228 

could be explained by distinct immune contextures, we first quantified immune cell fractions by flow 229 

cytometry (Extended Data Fig. 8a). This revealed a subgroup of tumors (10/37, 27%) that lacked a 230 

substantial immune compartment (<10% immune cells). In line with expectations, 0/10 of these 231 

tumors had been identified as PDTF responders (Fig. 3a,b). Amongst the remaining 27 tumors, an 232 

immune cell compartment of comparable magnitude was observed for non-responding and 233 

responding tumors, with an enrichment in B cells in the latter (Fig. 3a, Extended Data Fig. 8b, see 234 

below). To understand whether the presence of CD8+ T cells either inside or outside of tumor cell nests 235 

could be used to further identify tumors that respond to PD-1 blockade, we performed digital image 236 

analysis of CD8+ T cells in tumor and stromal areas (Fig. 3c, Extended Data Fig. 8c). While CD8+ T cells 237 

were generally more abundant in stromal areas and total numbers differed across cancer types 238 

(Extended Data Fig. 8d), distinct spatial patterns could be identified. Importantly, within the immune 239 

cell rich tumors (n=26, no IHC data available for BR015), this analysis identified seven tumors with an 240 

excluded CD8+ T cell pool, where CD8+ cells were present in stromal areas, but not or at very low 241 

numbers within tumor regions. Notably, 6/7 of these tumors did not show immune reactivation upon 242 

PD-1 blockade (Fig. 3c). Thus, of the tumors that were characterized as either immune deserts or as 243 

CD8+ T cell excluded, only 1/17 (5.9%) showed immune cell reactivation upon ex vivo PD-1 blockade, 244 
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potentially explaining the low clinical response rates previously observed in tumors with such 245 

microenvironments7,16. In contrast, immune cell reactivation upon PD-1 blockade was observed in 246 

12/19 CD8+ infiltrated tumors.  247 

To understand the basis for differences in immunological response capacity within the final 248 

subgroup of CD8+ infiltrated tumors, we classified the PDTF cohort into four tumor microenvironment 249 

(TME) types – immune deserts, CD8+ excluded, CD8+ infiltrated PDTF-NR and CD8+ infiltrated PDTF-R 250 

tumors. Subsequently, we compared these groups with respect to four different properties: (1) The 251 

presence of a baseline inflammatory signature, (2) The differentiation states of tumor-resident 252 

myeloid cells and T cells, (3) The presence of a tumor-reactive T cell compartment, and (4) The 253 

evidence for the formation of tertiary lymphoid structures (TLS). 254 

 255 

Baseline chemokine production and immune cell states across TME types 256 

Analysis of cytokine and chemokine production after 48 hrs of PDTF culture without treatment 257 

revealed heightened baseline activity in PDTF-R tumors, not only when compared to immune desert 258 

tumors and CD8+ excluded tumors, but also when compared to CD8+ infiltrated PDTF-NR tumors (Fig. 259 

3d,e, Extended data Fig. 9, Supplementary Fig. 2). Parameters for which baseline production predicted 260 

capacity for immune reactivation by PD-1 blockade included molecules such as CXCL9 and 10 that may 261 

reflect low level baseline T cell activity, but also the chemokine CXCL13 that is associated with the 262 

formation of TLS (Fig. 3f,g, Extended Data Fig. 9). In addition, high IL8 secretion showed a trend 263 

towards association with anti-PD-1 non-responsiveness, in particular in infiltrated PDTF-NR (Fig. 3f, 264 

Extended Data Fig. 9, Supplementary Fig. 2), an observation that deserves follow-up in view of prior 265 

data that have documented increased serum IL8 levels in non-responders to immune checkpoint 266 

blockade20-22. 267 

To understand whether the TME groups differed with regard to the cell states of infiltrating 268 

myeloid and T cell populations, we assessed both cell populations by flow cytometry. The immune 269 

infiltrate in PDTF-R tumors generally contained fewer myeloid cells, particularly compared to 270 
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infiltrated PDTF-NR and immune desert tumors (Supplementary Fig. 3a). An exploratory analysis of 271 

the composition of the myeloid cell pool revealed substantial variation across tumors (Supplementary 272 

Fig. 3b-e). While different frequencies of specific myeloid subsets were observed across TME 273 

subgroups, no subsets that were unique or predominant in a microenvironment were observed 274 

(Supplementary Fig. 3f,g). As persistent antigen stimulation and immunosuppressive stimuli in the 275 

TME can induce a progressive dysfunctional state in T cells that is accompanied by overexpression of 276 

multiple immune checkpoints23-25, we next examined whether the expression of inhibitory receptors 277 

may predict capacity for immune reactivation upon PD-1 blockade. To this end, we assessed 278 

expression of PD-1, CTLA-4, Tim-3, Lag-3, and TIGIT on CD8+ T cells (Fig. 4a). No significant difference 279 

in the fraction of inhibitory receptor-positive cells was observed between PDTF-Rs and infiltrated or 280 

excluded PDTF-NRs, except for a trend towards more frequent TIGIT expression in PDTF-R tumors. 281 

Surprisingly, immune deserts stood out by the frequent very high expression of several immune 282 

checkpoints on the few T cells present (Fig. 4b). In addition, immune deserts harbored the largest 283 

fraction of CD8+ T cells that showed co-expression of multiple immune checkpoints (Fig. 4c, Extended 284 

Data Fig. 10a).  285 

Recent data in murine cancer models and human melanoma26-29 indicate that the 286 

dysfunctional T cell pool can be further subdivided into a progenitor or pre-dysfunctional population 287 

that is characterized by the expression of the transcription factor TCF-1, and a more differentiated, 288 

dysfunctional population that is TCF-1 negative but expresses CD39. Importantly, the TCF-1+ pre-289 

dysfunctional subset has been shown to be essential for durable responses to immunotherapy in 290 

mouse models26-28 as well as in patients undergoing adoptive T cell therapy30. To understand whether 291 

a difference in pre-dysfunctional and dysfunctional subsets exists between PDTF-R and PDTF-NR 292 

tumors, we quantified TCF-1+ and CD39+ cells within the PD-1+CD8+ T cell pool. In line with previous 293 

data, TCF-1 was expressed in a subset of T cells that showed an intermediate PD-1 expression level 294 

and was mostly negative for CD39. In contrast, the CD39+ subset was largely TCF-1– and expressed PD-295 

1 at a very high level (Fig. 4d). The TCF-1+ pre-dysfunctional population could be identified in excluded 296 
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and infiltrated TME types without a difference between responding and non-responding tumors (Fig. 297 

4e, Extended Data Fig. 10b). However, the balance between the pre-dysfunctional and dysfunctional 298 

subset was strongly skewed towards the latter in immune deserts, indicating that the pre-299 

dysfunctional pool may be lacking in part of these tumors (Fig. 4e,f, Extended Data Fig. 10b,c).  300 

 301 

Tumor reactivity varies in responding and non-responding tumors 302 

The co-expression of CD39 and CD103 has been shown to identify tumor-reactive T cells in 303 

solid tumors31. Similarly, CD8+ T cells with a PD-1 expression level that exceeds that found on 304 

peripheral blood T cells, so-called PD-1T TILs, have been shown to display an enhanced capacity for 305 

tumor recognition in NSCLC15. To understand whether the prevalence of these T cell subsets may 306 

correlate with the capacity for immunological response to PD-1 blockade, we quantified CD39+CD103+ 307 

and PD-1T CD8+ T cell subsets in the different TME subgroups (Fig. 5a,b, Extended data Fig. 10c-e). 308 

Notably, while expression of the tissue residency marker CD103 alone, which has been shown to be 309 

associated with response to PD-1 blockade in prior studies32-34, was comparable between TME 310 

subgroups (Extended Data Fig. 10d), the fraction of CD39+CD103+ double positive cells was highest 311 

within CD8+ T cells in PDTF-R and immune desert tumors, and a similar observation was made for PD-312 

1T TILs (Fig. 5c, for absolute numbers, see below). To directly test for the presence of a tumor-specific 313 

T cell pool, CD3+ TILs from five PDTF-R and six PDTF-NR tumors were sorted and expanded, and tumor 314 

reactivity was determined by co-culture with autologous tumor digests (Fig. 5d, controls in Extended 315 

Data Fig. 10f). Notably, in all TIL obtained from PDTF-R tumors, tumor reactivity amongst CD8+ TILs 316 

was detected and tumor reactivity amongst CD4+ TILs was detected in 4/5 cases. In PDTF-NR tumors, 317 

tumor reactivity amongst CD8+ TILs and amongst CD4+ TILs were both detected for only 1/6 tumors 318 

(Fig. 5d, Extended Data Fig. 10g).  319 

 320 

TLS and their components are predictive for response to PD-1 blockade 321 
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 Jointly, the above analyses indicate that the capacity of a tumor to respond to PD-1 blockade 322 

may be related both to the magnitude of the T cell infiltrate as well as to the frequency of T cells with 323 

phenotypic characteristics of tumor-reactive T cells, such as high PD-1 expression or CD39/CD103 co-324 

expression. Based on these two separate observations, we subsequently explored the predictive value 325 

of the absolute number of PD-1T TILs, thereby combining the quantity and quality of tumor-resident T 326 

cells in a single metric. Both PD-1T CD8+ T cells, PD-1T CD4+ T cells, as well as total PD-1T CD45+ 327 

lymphocytes were increased in responding tumors (Fig. 6a-c), with PD-1T lymphocytes showing the 328 

best discrimination between PDTF-R and all other TME types independent of cancer type. Prior work 329 

has established two characteristics of PD-1T TILs that link these cells to tertiary lymphoid structures 330 

(TLS): first, PD-1T TILs constitutively produce CXCL13, which is a crucial chemoattractant for the 331 

formation of TLS35. Second, in human NSCLC, PD-1T TILs have been shown to be predominantly 332 

localized within TLS15. We therefore subsequently assessed whether the presence of TLS or their 333 

components was associated with the capacity of a tumor to respond to PD-1 blockade. Quantification 334 

of TLS in PDTF-R and PDTF-NR tumors by CD20 and CD3 staining (Fig. 6d) revealed that both TLS 335 

number and size (defined as average TLS area) were significantly higher in PDTF-R tumors, especially 336 

when compared to infiltrated PDTF-NR tumors (Fig. 6e). Notably, B cells, which are a major component 337 

of TLS, were also significantly enriched in PDTF-R tumors (Fig. 6f). To compare the potential of all 338 

parameters assessed in this study to predict the capacity of the intratumoral immune compartment 339 

to respond to PD-1 blockade, we analyzed the AUC [ROC] for PD-1T lymphocytes, CXCL13, B cells, TLS 340 

number and TLS area. All five of these parameters strongly associated with anti-PD-1 response 341 

capacity, reaching an AUC ≥0.84 (Fig. 6g), indicating a high potential to identify those human tumors 342 

in which intratumoral immune activity is held back by the PD-1 checkpoint.  343 

 344 

Discussion 345 

Here we provide a comprehensive analysis of the early intratumoral immune response to PD-346 

1 blockade in five different human cancer types, as well as the tumor properties that predict this 347 
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response. Using a patient-derived tumor fragment system as the approach to perturb tumor 348 

microenvironments, we observe that such immunological responses can already be detected within 349 

24-48 hours after anti-PD-1 treatment in distinct cancer types. Importantly, these data provide the 350 

first evidence that capacity for intratumoral immune reactivation correlates closely with clinical 351 

response.  352 

Seemingly contradictory data has been generated with respect to the question whether PD-1 353 

blockade mainly reinvigorates tumor-resident T cells27,36, or acts via recruitment of new T cell clones 354 

to the tumor site, a phenomenon referred to as ‘clonal replacement’2,4. While observations made in 355 

lymph node samples may be more difficult to interpret, the current data obtained in non-lymph node 356 

lesions (9/13 PDTF-R) provide strong evidence that PD-1 blockade can reactivate pre-existing 357 

intratumoral T cells in human cancer lesions. Of note, as such reactivation is accompanied by increased 358 

production of T cell chemoattractants such as CXCL9, CXCL10, CCL5 and CXCL13, the current data are 359 

consistent with a model in which this reactivation may be a driver of the clonal replacement that has 360 

been observed in patients at later time points. Further work is required to understand whether PD-1 361 

blockade can induce a durable reactivation of the already tumor-resident T cells, or whether their 362 

capacity for reinvigoration may be limited in time, e.g. due to fixed epigenetic changes37,38. We also 363 

note that the effects of Lck inhibition provide evidence for a smoldering T cell response in tumors that 364 

can be increased by PD-1 blockade. Thus, PD-1 blockade does not appear to reactivate a dormant, but 365 

rather boost an ongoing T cell response.  366 

Notably, while in some tumors non-response could be explained by either lack of immune 367 

cells or exclusion of CD8+ T cells, consistent with clinical data7,16,17, we here identify a third subgroup 368 

of immunologically non-responsive tumors that is characterized by a brisk intratumoral CD8+ T cell 369 

infiltrate, but that largely lacks the secretion of proinflammatory cytokines and chemokines. 370 

Importantly, as based both on T cell phenotype and on direct testing of tumor reactivity, the capacity 371 

of the tumor-resident T cell pool to recognize tumor antigens appears to distinguish PD-1 responsive 372 

tumors from the three non-responsive tumor microenvironments we identify.  373 
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The phenotype of the T cells detected in immune desert tumors analyzed here forms an 374 

outlier, with the few T cells present being strongly skewed towards a late dysfunctional state, and with 375 

a depletion of the pre-dysfunctional T cells that are detected in responding tumors. While further data 376 

are required, it may be speculated that these T cells represent the remainder of a ‘failed immune 377 

response’ in tumors that were once inflamed but have subsequently turned cold. The use of 378 

technologies that allow profiling of tumor reactivity of the intratumoral TCR repertoire in an unbiased 379 

manner39, should be helpful to settle this issue. In such analyses, it will be useful to focus not only on 380 

the immune deserts amongst the melanoma, renal and lung cancers that are mostly represented here, 381 

but also include other ‘cold’ tumor types such as, for instance, pancreatic cancer.  382 

The strong correlation between ex vivo response and clinical response raises the question 383 

whether the PDTF platform could allow prospective assessment of individual patient responses to 384 

PD-1 blockade. This may either entail the direct clinical application of the platform itself in addition 385 

to established biomarkers, such as PD-L116 or tumor mutational burden40, or by deriving biomarker 386 

(patterns) that can be measured using other less complex assay systems. In our view, the latter 387 

approach, with the PDTF platform primarily being exploited to dissect reactivity patterns and link 388 

these to tumor baseline properties would be most attractive. 389 

Finally, paralleling the recent data that link the presence of tertiary lymphoid structures 390 

(TLS) with clinical response to anti-PD-1 therapy41-43, the current data reveal a link between the 391 

presence of TLS and capacity of intratumoral T cells to be reactivated by PD-1 blockade. Importantly, 392 

in addition to B cells, also the dysfunctional PD-1T TILs that have been shown to be enriched in tumor 393 

reactivity predominantly localize in TLS15, suggesting that the presence of these immune cell 394 

aggregates may be reflective of a structured ongoing anti-tumor immune response. In future work, 395 

combination of the PDTF platform described here with spatial profiling technologies44-46 should allow 396 

one to determine whether TLS should solely be seen as hallmarks of inflamed tumors, or whether 397 

these sites form the actual hotbeds for immune reactivation upon PD-1 blockade in human cancer 398 

tissue.  399 
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Online Methods 400 

Patient characteristics and tumor sample processing  401 

Tumor samples were collected from individuals with melanoma, non-small cell lung cancer, 402 

breast cancer, ovarian cancer, or renal cell carcinoma undergoing surgical treatment between April 403 

2017 and January 2020 at the Netherlands Cancer Institute (NKI-AVL), The Netherlands. Detailed 404 

patient characteristics are provided in Supplementary Table 1, 2 and 3. The study was approved by 405 

the institutional review board of the NKI-AVL and performed in compliance with all relevant ethical 406 

regulations. All patients consented to research usage of material not required for diagnostic use either 407 

by opt-out procedure or via prior informed consent (after May 23, 2018).  408 

Solid tumor lesions were macroscopically selected by a pathologist from the resected tumor 409 

material and part of the tumor was collected in ice-cold collection medium (RPMI 1640 medium 410 

(Thermo Fisher) supplemented with 2.5% fetal bovine serum (FBS, Sigma), 1% Penicillin-Streptomycin 411 

(Roche)) for subsequent PDTF cultures. A second part of the tumor was embedded in paraffin for 412 

histological analysis and for analysis of tumor cell content within the collected lesion. Tissue materials 413 

collected for subsequent PDTF cultures were immediately processed by manual cutting into small 414 

tumor fragments (PDTFs) of 1-2 mm3 size on ice. After processing, a number of single PDTFs from 415 

different regions within a tumor were mixed to ensure uniform representation of the tumor lesion 416 

(Extended Data Fig. 1a), and were frozen in cryovials containing 1 ml FBS with 10% DMSO (Sigma) with 417 

8-15 PDTFs per vial. All PDTFs were cryopreserved in liquid nitrogen until further usage.  418 

 419 

Patient-derived tumor fragment (PDTF) cultures 420 

To prevent lymphocyte efflux, individual PDTFs were embedded in artificial extracellular 421 

matrix, prepared as follows: first, sodium bicarbonate (Sigma, 1.1% final concentration), collagen I 422 

(Corning, 1 mg/mL final concentration) and tumor medium (DMEM (Thermo Fisher) supplemented 423 

with 1mM sodium pyruvate (Sigma), 1× MEM non-essential AA (Sigma), 2 mM L-glutamine (Thermo 424 

Fisher), 10% FBS (Sigma) and 1% Penicillin-Streptomycin (Roche)) were slowly mixed. All components 425 
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were kept ice-cold to avoid premature solidification of the collagen. Next, ice-cold matrigel (Matrix 426 

High Concentration, Phenol Red-Free, BD Biosciences, 4 mg/mL final concentration) was very slowly 427 

added to the mix. To prepare tumor matrix that only contains collagen, the last step was omitted. For 428 

matrices with distinct glucose concentration, the standard DMEM medium (4,500 mg/L D-glucose) 429 

was replaced with either low glucose DMEM (1,000 mg/L D-glucose, Thermo Fisher) or RPMI 1640 430 

(2,000mg/L D-glucose). To assess the effect of the type or concentration of serum, either 2% or 20% 431 

FBS (Sigma) or 10% human serum (Sigma) were used instead of 10% FBS. Each well of a pre-cooled 96-432 

well plate was coated with 40 µL of matrix to serve as a bottom layer and matrix was solidified by 433 

exposure to 37°C for 20-30 min.  434 

Vials with cryo-preserved PDTFs were thawed in a water bath at 37˚C until only a small drop 435 

of ice remained. PDTFs were then transferred into a 50 mL tube and slowly thawed by dropwise 436 

addition of 10 ml pre-warmed tumor medium. Next, PDTFs were extensively washed in tumor medium 437 

by flushing them multiple times on a cell strainer in a 6-well plate. One PDTF per well was placed on 438 

top of the pre-solidified matrix, after which a second layer of 40 µL matrix was added. Plates were 439 

then placed in a 37 °C incubator for 20-30 min. After solidification, 120 µL of tumor medium was added 440 

on top of the matrix. Where indicated, tumor medium was supplemented with either anti-PD-1 441 

antibody (nivolumab, Bristol-Myers Squibb) at 10 µg/mL final concentration, or anti-CD3 (OKT3, 442 

Biolegend) at 5 µg/mL final concentration either alone or in combination with anti-CD28 (CD28.2, 443 

Biolegend) at 2 µg/mL final concentration. Control cultures were carried out in the presence of control 444 

human anti-b-Gal-hIgG4 (S228P, InvivoGen) at 10 µg/mL. 8 to 10 PDTFs were used per condition. 445 

Unless indicated otherwise, PDTF cultures were kept at 37 °C for 48 hrs before readout.  446 

 447 

Flow cytometric analysis of PDTFs 448 

PDTFs were analyzed by flow cytometry to assess T cell activation after culture, and to 449 

determine immune cell composition and T cell state at baseline using the following antibodies: T cell 450 

activation analysis: anti-CD45 PerCP Cy5.5 (2D1, 1:100), -CD3 APC-eFluor780 (SK7, 1:50), and -ICOS 451 
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FITC (ISA-3, 1:25), all from Invitrogen; anti-CD3 FITC (SK7, 1:50), -CD8 BV605 (RPA-T8, 1:100), -CD4 452 

BV421 (SK3, 1:100), -OX40 APC (BerACT35, 1:20), and -CD25 AF700 (BC96, 1:20), all from Biolegend; 453 

anti-PD-1 PE-Cy7 (EH12.1, 1:20), -CD137 PE (4B4-1, 1:20), and -CD137 BUV395 (4B4-1, 1:50), all from 454 

BD Biosciences; anti-IFNgR1 PE (92101, 1:25), from R&D systems. Immune composition and T cell state 455 

analysis: anti-CD45 PerCP Cy5.5 (2D1, 1:100), -CTLA-4 FITC (14D3, 1:50), -TIGIT PE (MBSA43, 1:20), and 456 

-LAG3 :APC (3DS223H, 1:20), all from Invitrogen; anti-CD8 BUV563 (RPA-T8, 1:50), -CD3 BV711 457 

(UCHT1, 1:50), -PD-1 PE-Cy7 (EH12.1, 1:20), and -CD103 BV421 (Ber-ACT8, 1:20), all from BD 458 

Biosciences; anti-CD3 FITC (SK7, 1:50), -CD4 BV421 (SK3, 1:100), -CD19 BV605 (SJ25C1, 1:50), -FoxP3 459 

AF647 (259D, 1:50), -CD11c PE (Bu15, 1:50), -CD16 Alexa 700 (3G8, 1:50), -TIM-3 BV421 (F38-2E2, 460 

1:20), -CD39 FITC (A1, 1:20), and - TCF1 PE (7F11A10, 1:20), all from Biolegend. Myeloid cell, fibroblast 461 

and endothelial cell analysis: anti-CD45 PerCP-Cy5.5 (2D1, 1:100), from Invitrogen; -lineage cocktail 462 

CD3/CD19/CD20/CD56 APC (UCHT1, HIB19, 2H7, 5.1H11, 1:50), -CD11b BV605 (ICRF44, 1:50), -CD68 463 

FITC (Y1/82A, 1:50), -CD206 PE-Cy7 (15-2, 1:20), -CD14 AF700 (M5E2, 1:200), -CD123 BV421 (6H6, 464 

1:100), -PD-L1 (29E.2A3, 1:100), all from Biolegend; anti-CD11c PE-CF594 (3.9, 1:200), -HLA-DR 465 

BUV395 (L243af, 1:100), -CD31 BV480 (WM-59, 1:100), -CD86 BUV563 (FUN-1, 1:50), all from BD 466 

Biosciences; anti-FAPa PE (427819, 1:20), from R&D systems. 467 

For analysis of PD-1 blockade effects, PDTFs were manually retrieved from the matrix after 48 468 

hrs of culture, pooled for each experimental condition and processed into single-cell suspensions by 469 

enzymatic digestion in digestion mix (RPMI 1640 medium (Thermo Fisher) supplemented with 1% 470 

Penicillin-Streptomycin (Roche), 12.6 µg/mL Pulmozyme (Roche) and 1 mg/mL Collagenase type IV 471 

(Sigma)) for 1 h at 37°C and under slow rotation. Samples were then washed in PBS (Sigma), filtered 472 

over a 150 µM filter mesh, resuspended in 50 µL PBS, and incubated with Fc receptor blocking agent 473 

(eBioscience) and with either live/dead IR Dye (Thermo Fisher) or Zombie UV (Biolegend) for 20 min 474 

at 4°C. Cells were washed, resuspended in 50 μl of staining buffer (PBS (Sigma), 0.5% bovine serum 475 

albumin (Sigma), 0.1% NaN3 (Invitrogen)) containing the above-described antibodies, and incubated 476 
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for 20 min at 4°C. After washing twice, cells were taken up in 200 μl IC Fixation Buffer (eBioscience) 477 

and incubated for 20 min. Subsequently, samples were washed twice before data acquisition.  478 

 For analysis of immune infiltrates and T cell states, PDTFs were thawed and immediately 479 

digested as described above. Samples were resuspended in 50 µL PBS and incubated with Fc receptor 480 

blocking agent (eBioscience) and with either live/dead IR Dye (Thermo Fisher) or Zombie UV 481 

(Biolegend) for 20 min at 4°C. Cells were then washed, resuspended in 50 μL of staining buffer 482 

containing the above-described antibodies, and incubated for 20 min at 4°C. For intracellular staining, 483 

cells were washed twice, fixed and permeabilized using Fix/Perm solution (eBioscience) for 30 min at 484 

room temperature. After washing twice, cells were resuspended in 1x Permeabilization Buffer 485 

(eBioscience) containing antibodies for 40 min at room temperature. Subsequently, samples were 486 

washed twice before data acquisition. 487 

Data acquisition was carried out on a BD LSR II SORP, a Fortessa SORP, or a Symphony A5 SORP 488 

cell analyzer (all from BD Biosciences). Data was collected using the BD FACS Diva Software version 489 

8.0.1 (LSR II SORP), version 8.0.2 (Fortessa SORP), and version 8.5 (A5 SORP), and further analyzed 490 

with FlowJo v10.6.1 (Tree Star Inc.) and GraphPad Prism v8.0e (GraphPad Software Inc.). Analysis of 491 

co-expression of inhibitory receptors was performed using SPICE47. Clustering analyses were 492 

performed using the FlowJo plugins UMAP48 and X-Shift49. An example of the gating strategy is shown 493 

in Supplementary Figure 4. 494 

 495 

Immunohistochemistry and digital image analysis 496 

Immunohistochemistry of sectioned tumor samples was performed on a BenchMark Ultra 497 

autostainer Instrument (Roche). In brief, serial 3 µm sections were cut from formalin-fixed paraffin 498 

embedded tumor samples. Sections were heated at 75°C for 28 min and deparaffinised in the 499 

Instrument with EZ prep solution (Ventana Medical Systems). Heat-induced epitope retrieval was 500 

carried out using Cell Conditioning 1 (CC1, Ventana Medical Systems) for 32 min at 95°C (CD4, CD8, 501 

CD3 and CD20), or for 48 min at 95 °C (PD-1). Sections were then stained with monoclonal antibodies 502 
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against CD4 (SP35, 1:25, Cell Marque), CD8 (C8/144B, 1:200, DAKO/Agilent), CD20 (L26, 1:800, 503 

DAKO/Agilent), CD3 (SP7, 1:100, Spring/ITK) for 32 in at 37˚C and PD-1 (NAT105, Ready-to-Use, Roche) 504 

for 16 min at room temperature. Antibodies were detected using 3,3ʹ-diaminobenzidine (DAB, 505 

OptiView Detection Kit, Ventana Medical Systems). Slides were counterstained with Hematoxylin and 506 

Bluing Reagent (Ventana Medical Systems). 507 

Slides were scanned at x20 magnification using an Aperio slide AT2 scanner (Leica Biosystems) 508 

and data were uploaded on Slide Score (www.slidescore.com). Tumor lesions were digitally annotated 509 

using the HALO™ image analysis software version 2.3 (Indica Labs). To quantify CD8+ cells at single-cell 510 

resolution, we developed a digital image approach based on the HALO™ multiplex IHC version 1.2 base 511 

algorithm. Color deconvolution was performed both for the nuclear counterstain (RGB 512 

0.179,0.164,0.106) and the DAB product (RGB 0.324,0.482,0.628). For regional analysis, classifiers 513 

were trained to identify stromal and tumor regions (the latter defined as regions containing cancer 514 

cells), in which the CD8+ T cells were quantified separately. Excluded tumors were defined as all 515 

immune-rich tumors (≥10% CD45+ cells in flow analysis) with both a low tumoral CD8+ T cell count, 516 

corresponding to 0 or 1+ scoring by an experienced pathologist (average CD8+ T cell count excluded 517 

tumors: 45.5 (range 1.96-160.9) CD8+/mm2, average CD8+ T cell count infiltrated tumors: 564.3 (53.5-518 

1764.7) CD8+/mm2) and a five-fold higher CD8+ T cell count in the stromal region than in the tumor 519 

region (excluded: 526.6 (95.1-1087.9), infiltrated: 1165.2 (106.3-3046.4) CD8+/mm2).  520 

For quantification of tertiary lymphoid structures, TLS were manually identified and quantified 521 

(TLS/mm2), as based on the presence of B cell (CD20) and T cell (CD3, CD4 and CD8) zones. TLS areas 522 

were measured using digital annotation and quantification by HALO™. Lymphoid aggregates <60,000 523 

µm2 were excluded as described previously20. Average TLS areas were obtained by dividing total TLS 524 

area by the number of TLS present.  525 

 526 

Analysis of secreted mediators: 527 
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For analysis of cytokines, chemokines, and cytotoxic mediators, supernatants of PDTF cultures 528 

were collected after 48h of culture, unless indicated otherwise. Supernatants were immediately 529 

frozen and preserved at -80˚C. Supernatants were thawed on ice, supernatants from each condition 530 

were pooled, except for single fragment analyses, and presence of indicated cytokines and 531 

chemokines was detected using the LEGENDplex™ Human Th Cytokine, Human Proinflammatory 532 

Chemokine, customized Human Proinflammatory Chemokine, and Human CD8/NK panels (all from 533 

Biolegend), or using the BLC/CXCL13 Human ELISA Kit (Thermo Fisher) according to the manufacturers’ 534 

instructions.  535 

 536 

Antibody penetration 537 

To measure penetration of exogenously added antibodies into tumor fragments, 538 

fluorescently-labeled antibodies recognizing different surface antigens (anti-CD8 AF594 nanobody 539 

[218, 1:100, 50], anti-EpCAM AF647 [9C4, 1:50, Biolegend]) were added to PDTF cultures for the 540 

indicated time periods. For subsequent analysis by flow cytometry, PDTFs were processed into single 541 

cell suspensions as described above, and samples were counterstained using an anti-CD8 PE antibody 542 

[B9.11, 1:100, Beckman Coulter] that binds a non-overlapping epitope. Overlap in signal for the two 543 

antibodies was then determined by flow cytometry. For subsequent analysis by immunofluorescence, 544 

PDTFs were washed, fixed in 4% paraformaldehyde for 2 hrs and snap frozen in optimal cutting 545 

temperature (OCT) compound (CellPath). Sectioning was performed on a microtome-cryostat 546 

(CM1950, Leica). Tissue sections were stained with an anti-EpCAM PE antibody [EBA-1, 1:50, BD 547 

Biosciences] that binds a non-overlapping epitope and DAPI for nuclear counterstaining. Images were 548 

acquired on an Olympus BX63 Apollo fluorescence microscope and analyzed using Image J software 549 

version 1.47. 550 

 551 

Sorting and in vitro expansion of intratumoral T cells 552 



 22 

For isolation of intratumoral T lymphocytes, cryopreserved PDTFs were thawed and digested 553 

as described above. Samples were resuspended in 300 μL staining buffer containing the following 554 

antibodies: anti-CD45 PerCP Cy5.5 (2D1, 1:100) from Invitrogen; anti-CD3 PE (SK7, 1:50), -CD19 APC 555 

(SJ25C1, 1:50), -CD56 APC (HCD56, 1:20), -CD16 APC (3G8, 1:50), -CD11b APC (ICRF44, 1:50), and -556 

CD11c APC (3.9, 1:50) from Biolegend. After 20 min incubation at 4°C, cells were washed twice and 557 

cell sorting was performed on a BD FACSAria Fusion SORP cell sorter (BD Biosciences, version 8.0.1). 558 

Cells were sorted on SSC-A/FSC-A, FSC-A/FSC-H for singlets and live cells (4ʹ,6-diamidino-2-559 

phenylindole, dihydrochloride (DAPI, Sigma-Aldrich) - negative) and T cells, identified as CD45 positive, 560 

bulk (CD19, CD56, CD16, CD11b, CD11c) negative and CD3 positive cells. Post-sort sample purity was 561 

>98%. Sorted cells were rested at 37 °C in T cell medium (50% AIM-V MED CTS medium (Thermo Fisher) 562 

and 50% RPMI 1640 medium, no phenol red (Thermo Fisher), 10% human serum (Sigma), 1% Penicillin-563 

Streptomycin (Roche), 2 mM L-glutamine (Thermo Fisher)). After 2 hrs, cells were expanded in vitro 564 

using an excess of irradiated allogeneic feeder cells (4,000 rad) pooled from three healthy donors in T 565 

cell medium supplemented with 3,000 IU/mL of IL2 (Peprotech) and 30 ng/mL anti-CD3 (OKT3)13,15. 566 

From day 7 on, half of the medium was replaced with fresh medium containing IL2 every 2–3 days. 567 

Cells were split 1:2 at day 7 and when necessary. From day 15, T cells were further cultured in T cell 568 

medium containing 60 IU/mL of IL2 [Preprotech] and cells were cryopreserved at day 18. 569 

 570 

Assessment of tumor reactivity 571 

Cryopreserved in vitro expanded intratumoral T lymphocytes were thawed and cultured in T 572 

cell medium containing 60 IU/mL of IL2 for 3 days. Subsequently, cells were washed in PBS and 573 

fluorescently labeled with 5 μM cell trace violet (CTV, Thermo Fisher). Autologous PDTFs were thawed 574 

and digested as described above and cells were rested for 1h at 37°C in complete medium (RPMI 1640 575 

medium (Thermo Fisher), 10% human serum (Sigma), 1% Penicillin-Streptomycin (Roche), 1mM 576 

sodium pyruvate (Sigma), 1× MEM non-essential AA (Sigma)).  577 
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CTV-labeled T cells (1-2 × 105) were cocultured with autologous digest at an effector:tumor 578 

cell ratio of 1:1. The percentage of tumor cells in the digests was previously estimated by flow 579 

cytometry gating on CD45 negative-FSc high cells. A condition with a blocking anti-HLA class I antibody 580 

(hybridoma W6/32, purified in house, 10 µg/ml) was included to determine HLA class I restriction of 581 

any observed T cell responses. T cells cultured in the absence of tumor digest, with or without 10 582 

ng/mL PMA (Sigma) and 200 ng/mL ionomycin (Sigma), were used as further controls. After 1h of 583 

culture, 1× monensin (BD Biosciences) and 1× brefeldin A (BD Biosciences) were added, and cells were 584 

incubated for an additional 16 hrs before analysis of IFN-g (anti-IFN-g APC; 4S.B3; 1:50; Biolegend) and 585 

TNFa (anti-TNFa PE-Cy7; MAb11; 1:50; BD Biosciences) production by intracellular cytokine staining 586 

and flow cytometry. HLA class I expression was detected using anti-HLA ABC FITC (W6/32; 1:50; 587 

Biolegend) antibody. 588 

 589 

Modulation of anti-PD-1 response 590 

To establish optimal conditions for IFNgR1 blockade and Lck blockade, healthy donor 591 

peripheral blood mononuclear cells (PBMCs, Sanquin) were cultured in tumor medium in the absence 592 

or presence of either Lck inhibitor (LCKi, CAS 213743-31-8, Merck Millipore) or anti-IFNg R1 blocking 593 

antibody (aIFNgR1, 92101, R&D systems). After 1 (aIFNgR1) or 2 hrs (LCKi) of culture, PBMCs were 594 

transferred to a plate coated with anti-CD3 (OKT3, 5 µg/ml)/anti-CD28 (CD28.2, 2 µg/ml) antibodies 595 

and cells were cultured in the continued presence of LCKi or aIFNgR1 for 48 hrs. Subsequently, T cell 596 

activation and CXCL10 production were assessed by flow cytometry and using the IP-10 Flex Set kit 597 

(BD Biosciences). 598 

In PDTF cultures, either 8 µM LCKi or 50 µg/mL aIFNgR1 antibody was added for 2 hrs and 1 h, 599 

respectively, prior to ex vivo anti-PD-1 treatment. Samples that were cultured in the absence or 600 

presence of anti-PD-1 alone were taken along as control. Cultures were incubated at 37°C and 601 

analyzed after 48 hrs. 602 

 603 
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Statistical analysis 604 

Data are reported as mean ± SD or mean ± SEM, as specified. Statistical significance was 605 

determined using the Mann-Whitney test, two-tailed Wilcoxon test, or Kruskal-Wallis test, as 606 

indicated (Prism version 8.0e, GraphPad Software). Differences were considered statistically 607 

significant if *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Only significant p values are displayed. 608 

Correlations were evaluated using Spearman’s Rank Order correlation and effect sizes were calculated 609 

using Hedge’s g. All computational analyses were performed in R (version 4.0.2). Unless otherwise 610 

specified, experiments were performed without duplicates, because of material restrictions. Data 611 

describing reproducibility of cultures are provided in Fig. 2f, Extended Data Fig. 1d-e, Extended Data 612 

3a-d, and Supplementary Fig. 1. 613 

The PDTF response score was developed by first calculating receiver operating characteristic (ROC) 614 

curves based on the delta values [anti-PD-1 treated condition minus untreated condition) for each 615 

parameter measured in the original cohort. Twelve parameters that were strongly discriminative 616 

between responders and non-responders were selected based on the area under the ROC curve 617 

(AUROC) (Extended data Fig. 4a,b). For each parameter, a cut-off value was identified aiming for high 618 

specificity and sensitivity. This cut-off was used to score each parameter in each sample depending on 619 

whether the delta value was above or below the cut-off. Parameters with a specificity >90% were 620 

weighted double (Extended data Fig. 4c). The response score was calculated as follows:  621 

𝑃𝐷𝑇𝐹	𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒	𝑠𝑐𝑜𝑟𝑒 =
∑𝑎𝑙𝑙	𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠
𝑚𝑎𝑥𝑖𝑚𝑎𝑙	𝑠𝑐𝑜𝑟𝑒 × 100 622 

 623 

Data availability 624 

All relevant flow cytometry, immunohistochemistry, and cytokine/chemokine data are provided as 625 

Supplementary data. 626 
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Code availability 628 
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No custom code was developed. All code used in this study is either specified in the Methods section 629 

or available from the corresponding author. 630 
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Figure legends 751 

Figure 1. A human tumor fragment platform that responds to PD-1 blockade. a, Schematic 752 

representation of PDTF collection, culture, and analysis strategy. b, Heatmap displaying normalized 753 

delta values between the anti-PD-1 treated and untreated condition for each parameter (4 T cell 754 

activation markers, 13 cytokines, 13 chemokines, n=37 tumors, see Supplementary Table 1). 755 

Unsupervised hierarchical clustering identifies two large groups, subsequently termed patient-derived 756 

tumor fragment responders (PDTF-R) and non-responders (PDTF-NR). c, Principal component analysis 757 

(PCA) of the data in b, showing separation of samples (top) and parameters (bottom). d, PDTF 758 

response score (as defined in Extended data Fig. 4) for each tumor, and matched clinical response for 759 

tumors from patients treated with PD-1 blockade (CR=complete response, PR=partial response, 760 

SD=stable disease, PD=progressive disease). The left graph shows the original cohort (n=37), the right 761 

graph shows a validation cohort (n=26, see Supplementary Table 2) with matched clinical data. anti-762 

PD-1 resistant tumors indicate PDTF responses of progressive lesions from patients who received 763 

systemic anti-PD-1 treatment before the lesion was surgically removed. Significance was determined 764 

by two-sided Fisher’s exact test.  765 

 766 

Figure 2. Tumor-resident T cells promote response to PD-1 blockade. a, Quantification of activation 767 

markers on CD3+ T cells and secreted T cell effector cytokines in PDTFs in the absence or presence of 768 

ex vivo PD-1 blockade, as assessed by flow cytometry and bead-based immunoassay, respectively. 769 

Shown is an example of a representative responding tumor sample (LU012). b, Cytotoxic markers 770 

secreted by untreated and anti-PD-1 treated PDTFs displayed separately for PDTF-R and PDTF-NR 771 

(n=30, same experiment as in Fig. 1b). *p<0.05, **p<0.01 by two-tailed Wilcoxon test. c, Heatmap 772 

displaying normalized delta values between the anti-PD-1 treated and untreated condition for each 773 

cytotoxic marker. d, Effect sizes (calculated as Hedge’s g) and p values (by two-tailed Mann-Whitney 774 

test) of normalized changes for all cytokine and chemokine parameters and activation markers 775 

assessed. e, Most significantly increased parameters between untreated and anti-PD-1 treated PDTFs 776 
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displayed separately for PDTF-R and PDTF-NR. *p<0.05, **p<0.01, ***p<0.001 by two-tailed Wilcoxon 777 

test. f, Correlation of log2 fold changes (L2FC, to untreated control) of either two independent PDTF 778 

cultures treated with anti-PD-1 (left), or of PDTF cultures treated with anti-PD-1 in absence or 779 

presence of IFNgR1 blocking antibody (aIFNgR1, middle), or Lck inhibitor (LCKi, right), respectively. g, 780 

Correlation of normalized values (z-score) of PDTF cultures that were either untreated or treated with 781 

anti-PD-1+LCKi. h, Heatmap showing the normalized values of parameters that decreased below 782 

steady-state levels in the presence of Lck inhibitor. Note that while we formally cannot exclude an 783 

effect through inhibition of Lck in NK/NKT cells, this is considered unlikely because of their low 784 

frequencies (150-fold lower than T cells in PDTF-R). 785 

 786 

Figure 3. Baseline tumor properties and correlation with immunological response. a, Quantification 787 

of major immune subsets within total live cells by flow cytometry. b, Quantification of immune 788 

infiltrates (CD45+) in immune deserts, immune cell rich non-responding, and immune cell rich 789 

responding tumors (n=37 tumors). Shown are mean +/- s.d., **p<0.01, ****p<0.0001 by Kruskal-790 

Wallis test corrected for multiple comparisons. c, Strategy for algorithm-based digital area 791 

quantification (left) and examples of the two CD8+ T cell distribution patterns observed in immune cell 792 

rich tumors (middle). The pie charts indicate fractions of responding and non-responding tumors in 793 

excluded and infiltrated TMEs, respectively. d, Heatmap of steady-state cytokine and chemokine 794 

levels. Data depict normalized values measured after 48 hrs of untreated PDTF culture. Unsupervised 795 

clustering was performed within the four defined TME types (desert, excluded, infiltrated PDTF-NR, 796 

infiltrated PDTF-R). e, Quantification of total steady-state cytokine/chemokine secretion, depicted as 797 

the sum of all normalized parameters (n=37 tumors). Shown are mean +/- s.d., *p<0.05, **p<0.01 by 798 

Kruskal-Wallis test corrected for multiple comparisons. f, Effect sizes (calculated by Hedge’s g) and p 799 

values (by two-tailed Mann-Whitney test) of steady-state cytokines and chemokines between PDTF-R 800 

and PDTF-NR. g, Quantifications of the three parameters with the highest statistical significance and 801 
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largest effect size in the distinct TME subtypes (n=37 tumors). Shown are mean +/- s.d., *p<0.05, 802 

**p<0.01, **p<0.001 by Kruskal-Wallis test corrected for multiple comparisons. 803 

 804 

Figure 4. T cell differentiation states across distinct TME types. a, UMAP plots of CD8+ T cells 805 

concatenated and equalized from all tumors analyzed (n=34) showing the expression of the indicated 806 

immune checkpoints. b, Percentage of CD8+ T cells expressing the indicated inhibitory receptors within 807 

the distinct TME subtypes (n=34 tumors). Shown are mean +/- s.d., *p<0.05, **p<0.01 by Kruskal-808 

Wallis test corrected for multiple comparisons. c, Percentage of CD8+ T cells expressing none, or 1-5 809 

immune checkpoints, as determined by Boolean gating within the distinct TME subtypes (n=34 810 

tumors). Bars indicate the mean. Numbers reflect the fraction of CD8+ T cells co-expressing ≥2 811 

markers. d, Flow cytometric analysis showing expression of TCF-1 and CD39 within PD-1+CD8+ T cells 812 

to identify pre-dysfunctional (TCF-1+CD39–) and dysfunctional subsets (TCF-1–CD39+), respectively 813 

(left). Histograms (right) depict the PD-1 expression level within the two populations indicated in the 814 

left plot. e, Distribution of TCF-1+ and CD39+ subsets within the CD8+PD-1+ T cell population for each 815 

tumor in the four different TME subtypes. f, Ratio of TCF-1+ and CD39+ cells within PD-1+ CD8+ T cells 816 

in the distinct TME subtypes.  817 

 818 

Figure 5. Differential tumor reactivity in T cell populations in PDTF-R and PDTF-NR tumors. a, UMAP 819 

plots of CD8+ T cells in distinct TME subtypes. CD8+ T cells from all tumors analyzed (n=34) were 820 

concatenated and the PD-1+ subset was normalized to 1,600 cells per TME subtype. Clusters reflect 821 

subsets with distinct expression of PD-1, CD39, CD103 and TCF-1 (see also Extended data Fig. 11e). T1 822 

(indicated by the dashed line) marks the cluster expressing markers associated with tumor reactivity. 823 

b, Overlay of PD-1, CD39 and CD103 on the UMAP plot. c, Quantification of CD39+CD103+ cells within 824 

CD8+ PD-1+ T cells or of PD-1T cells within CD8+ T cells across the distinct TME subtypes (n=34 tumors). 825 

PD-1T expression is defined as a PD-1 expression level above the level found on peripheral blood CD8+ 826 

T cells, as described previously15. Shown are mean +/- s.d., *p<0.05 by Kruskal-Wallis test corrected 827 
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for multiple comparisons. d, Representative flow plots depicting IFNg and TNFa production upon co-828 

culture of expanded CD8+ T cells (TIL) with autologous tumor digest in the absence or presence of an 829 

HLA class-I blocking antibody (left). Tumor reactivity is defined as production of either IFNg, TNFa, or 830 

both cytokines. Percentage of CD8+ reactivity in the absence or presence of HLA class-I blocking 831 

antibody in five PDTF-R and six PDTF-NR tumors (right).  832 

 833 

Figure 6. Tertiary lymphoid structures and their components predict the capacity of human tumors 834 

to respond to PD-1 blockade. a-c, Frequency of PD-1T CD8+ T cells (a), PD-1T CD4+ T cells (b), and PD-835 

1T CD45+ lymphocytes (c) within total cells across TME subtypes (n=34 tumors). Shown are mean +/- 836 

s.d., *p<0.05, ****p<0.0001 by Kruskal-Wallis test corrected for multiple comparisons. d, Example of 837 

two tumors out of 33 analyzed, one containing TLS (OV008, top left), one lacking TLS (RE002, top right). 838 

TLS are indicated by CD20 staining. Immunohistochemistry stainings of the indicated markers in TLS 839 

(bottom). Shown is a region with representative TLS in a lung cancer sample (LU009). e, Number and 840 

average size of TLS in distinct TME subtypes (n=33 tumors). TLS were identified by CD20 and CD3 841 

staining and quantified and measured by digital analysis. Lymphoid aggregates <60,000 µm2 were 842 

excluded, as described previously42. Shown are mean +/- s.d., *p<0.05, **p<0.01, ***p<0.001 by 843 

Kruskal-Wallis test corrected for multiple comparisons. f, Quantification of B cells within total live cells 844 

across TME subtypes (n=37 tumors). Shown are mean +/- s.d., *p<0.05, ***p<0.001 by Kruskal-Wallis 845 

test corrected for multiple comparisons. g, Predictive potential of indicated markers defined by the 846 

area under the receiver operator curve (AUROC).  847 

 848 

 849 

Extended Data Figure 1. Development and validation of ex vivo patient-derived tumor fragment 850 

(PDTF) cultures. a, Macroscopic image of a lung tumor processed into PDTFs. PDTFs from distinct 851 

tumor regions were mixed to offset the effects of tumor heterogeneity and were immediately 852 

cryopreserved. b, Flow plots showing total live cells and T cell (CD45+CD3+), non-T cell (CD45+CD3-) and 853 
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non-immune cell subsets (CD45-CD3-) of digested PDTFs and culture supernatant after 48 hrs of culture 854 

in absence of the matrix (left), and quantification of these subsets in three tumor samples (right). c, 855 

Viability and lymphocyte efflux (measured by manual counting of cells in culture supernatants) of 856 

PDTFs cultured for 48 hrs in either medium, collagen, or complete matrix (top), and quantification of 857 

T cells (CD45+CD3+), non-T cells (CD45+CD3-) and non-immune cells (CD45-CD3-) in PDTFs cultured in 858 

these conditions. Representative flow plots (middle) and mean and s.e.m. of three PDTF cultures 859 

(bottom) are depicted. d, Correlation matrix depicting the Spearman co-efficient (left) and heatmap 860 

(right) of cytokine/chemokine measurements performed at 24, 36, and 48 hrs of PDTF cultures for 861 

four different tumors. The log2 fold change (L2FC) relative to the matching 12h sample is depicted. e, 862 

Antibody penetration assays, comparing overlap in fluorescence of two antibodies recognizing 863 

different epitopes of the same target. Antibodies were either added to the culture at indicated time 864 

points, or were used for subsequent staining after tissue processing into single cell suspensions (anti-865 

CD8, left), or tissue slides (anti-EpCAM, right). Shown is one of 4 independent experiments. f, 866 

Correlation matrix depicting the Spearman co-efficient (left) and heatmap (right) of 867 

cytokine/chemokine measurements at 48 hrs in two parallel cultures from each tumor for six different 868 

tumors. Normalized values for each parameter are depicted.  869 

 870 

Extended Data Figure 2. Ex vivo treatment of PDTFs with anti-PD-1. a, Representative flow plot 871 

(LU019) and correlation of PD-1 expression analyzed directly ex vivo and after 48 hrs of culture on 872 

either CD8+ (left) or CD4+ (right) T cells (n=37). b, T cell activation (LU019) and cytokine/chemokine 873 

secretion upon either anti-PD-1 or a matching human IgG4 (S228P) isotype control treatment. The bar 874 

graph indicates the fold change compared to the untreated culture. c, Comparison of ex vivo anti-PD-875 

1 treatment for 24 hrs and 48 hrs, expressed as log2 fold change (L2FC) relative to untreated PDTFs 876 

(n=3). d, Study cohort overview.  877 

 878 
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Extended Data Figure 3. Reproducibility of PDTF responses. a, T cell activation and 879 

cytokine/chemokine profiling upon PD-1 blockade in two independently performed PDTF cultures for 880 

five responding tumors and one non-responding tumor. Normalized delta values between the treated 881 

and the untreated condition are depicted. b, Immunological responses of individual tumor fragments. 882 

The fold change and p value for each parameter of each untreated or anti-PD-1 treated fragment was 883 

calculated against the mean of all untreated fragments (n=3 PDTF-R tumors). c, Fold change and p 884 

value for each parameter of averaged anti-PD-1 treated versus untreated PDTFs from the same 885 

experiment as in (b). Significance in b and c were calculated for each parameter and comparison by 886 

unpaired two-sample t test with two-stage linear step-up procedure of Benjamini, Krieger and 887 

Yekutieli. d, Violin plots showing the range of response scores (as defined in Extended data Fig. 4) for 888 

100 randomly selected combinations of 1-7 individual tumor fragments for both the untreated and 889 

anti-PD-1 treated condition. Data are derived from the experiment shown in (b). The dashed line 890 

indicates the response score when using data from all 8 tumor fragments, as done in standard PDTF 891 

cultures, the grey shaded area indicates a positive response score. Note that the data also emphasize 892 

heterogeneity in response capacity – but not response type - of individual tumor fragments of a given 893 

tumor (b).  894 

 895 

Extended Data Figure 4. Development of the PDTF response score. a, Potential of indicated markers 896 

defined by the area under the receiver operator curve (AUROC) to discriminate between anti-PD-1 897 

responsive and non-responsive tumors. b, ROC curves of the 12 parameters selected for the score. As 898 

a comparison, plots for two parameters with no discriminative value (IL8 and IL17F) are depicted. c, 899 

Weighting of the twelve parameters used in the score. d, PDTF response scores for 11 tumors for 900 

which two or three lesions from distinct localizations were tested (Supplementary Table 3). Tumors 901 

with concordant (8/11) and discordant (3/11) responses are indicated. e, PDTF response score and 902 

matched clinical response for lesions derived from either lymph node metastases (left, n=27) or 903 
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primary tumors (P)/distant metastases (M) (right, n=18). Significance was determined by Fisher’s exact 904 

test. 905 

 906 

Extended Data Figure 5. T cell activation upon ex vivo PD-1 blockade in PDTF-R and PDTF-NR tumors. 907 

a, Expression of T cell activation markers in CD4+ T cells (top) and CD8+ T cells (bottom) from untreated 908 

or anti-PD-1 treated PDTF cultures, as assessed by flow cytometry. Data are from the same responding 909 

tumor sample as in Fig. 2a (LU012). b, Expression of T cell activation markers in CD3+ T cells and 910 

secretion of T cell effector cytokines in PDTFs that were either untreated, treated with PD-1 blockade, 911 

or treated with anti-CD3 antibodies, as assessed by flow cytometry and bead-based immunoassay, 912 

respectively. Data from a representative infiltrated non-responding tumor sample (LU010) are 913 

depicted. c, Quantification of CD137 and OX40 expression on CD3+ T cells in PDTFs that were either 914 

untreated, treated with PD-1 blockade, or treated with anti-CD3 antibodies (n=10 PDTF-NRs). *p<0.05, 915 

**p<0.01 by Kruskal-Wallis test corrected for multiple comparisons. 916 

 917 

Extended Data Figure 6. Immunological responses upon ex vivo PD-1 blockade. Comparison of 918 

additional parameters assessed in untreated and anti-PD-1 treated PDTFs that are not depicted in 919 

Figure 2c. Values are displayed separately for PDTF-R and PDTF-NR. *p<0.05, **p<0.01, ***p<0.001 920 

by two-tailed Wilcoxon test. 921 

 922 

Extended Data Figure 7. Modulation of the anti-PD-1 response by LCK inhibition or IFNg receptor 923 

blockade. a-b, Titration of Lck inhibitor (LCKi) (a) and IFNg receptor 1 blocking antibody (aIFNgR1) (b) 924 

in PBMCs stimulated with anti-CD3/anti-CD28 for 48 hrs. LCKi was added 2 hrs and aIFNgR1 1 h before 925 

PD-1 blockade at the indicated concentrations. The differential inhibition of CD137 expression on CD3+ 926 

T cells and CXCL10 secretion reflect interference at the level of T cell activation (LCKi), or downstream, 927 

at the level of IFNg-induced gene expression (aIFNgR1). Viability was comparable for both compounds 928 

and at all dosing levels. Shown are 2 independent experiments. Bars and error bars indicate mean + 929 
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s.e.m. c, Flow plot depicting blockade of the IFNgR1 in the presence of aIFNgR1 during culture, as 930 

measured using a fluorescently labeled aIFNgR1 antibody that binds to the same epitope. d, Flow plots 931 

depicting activation of CD8+ T cells, as measured by CD137 expression, and CD4+ T cells, as measured 932 

by OX40 expression, in PDTFs that were either uncultured or treated with anti-PD-1, anti-PD-933 

1+aIFNgR1 or anti-PD-1+LCKi for 48 hrs. One representative example of 8 PDTF cultures is depicted. e, 934 

T cell activation and cytokine/chemokine profiling of 8 PDTF-R tumors treated with anti-PD-1, anti-PD-935 

1+aIFNgR1, or anti-PD-1+LCKi for 48 hrs. Data are expressed as log2 fold change (L2FC) relative to the 936 

untreated condition. 937 

 938 

Extended data Figure 8. Immune composition of PDTF-R and PDTF-NR tumors. a, Flow plots depicting 939 

the gating strategy and tSNE clustering of immune subsets. b, Quantification of indicated immune cell 940 

subsets within total immune cells (CD45+) for the four distinct TME subtypes (desert, excluded, 941 

infiltrated non-responders, and infiltrated-responders, n=37). Shown are mean +/- s.d., *p<0.05, 942 

**p<0.01 by Kruskal-Wallis test. c, Correlation between the percentage of CD8+ T cells quantified by 943 

either flow cytometry or IHC in matched samples (n=35). Significance was determined by linear 944 

regression analysis. d, Digital quantification of CD8+ T cells in intratumoral and stromal regions 945 

displayed per tumor type (n=35). Bars and error bars indicate mean + s.d.. 946 

 947 

Extended Data Figure 9. Steady-state cytokine and chemokine profiles. Quantification of additional 948 

parameters assessed in untreated PDTFs after 48 hrs of culture (n=37) that are not depicted in Figure 949 

3g. Values are displayed separately for desert, excluded, infiltrated PDTF-NR and infiltrated PDTF-R 950 

tumors. Shown are mean +/- s.d., *p<0.05, **p<0.01 by Kruskal-Wallis test corrected for multiple 951 

comparisons. 952 

 953 

Extended Data Figure 10. T cell differentiation states and tumor reactivity across distinct TME types. 954 

a, SPICE analysis47 visualizing the co-expression of distinct immune checkpoints on CD8+ T cells within 955 
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the TME subtypes (as indicated by the pie arc). Means of all tumors per TME subtype (Desert, n=10; 956 

Excluded, n=5; Infiltrated PDTF-NR, n=6; Infiltrated PDTF-R, n=13) are depicted. b-d, Quantification of 957 

TCF-1, CD39, and CD103 expression on PD-1+CD8+ T cells by flow cytometry (n=34). Shown are mean 958 

+/- s.d., **p<0.01 by Kruskal-Wallis test corrected for multiple comparisons. e, Violin plots showing 959 

the expression of PD-1, CD39, CD103, and TCF-1 in the clusters defined in Figure 5a. f, Detection of 960 

HLA class-I on total live cells in the absence or presence of an HLA I blocking antibody. g, Tumor 961 

reactivity (measured as production of either IFNg, TNFa, or both) within expanded CD4+ T cells in the 962 

absence or presence of tumor digest for five PDTF-R and six PDTF-NR tumors. 963 

 964 

 965 

Supplementary Figure 1. PDTF culture maintenance. a-c, Flow plots showing CD137 expression on 966 

CD3+ T cells (a) and heatmaps indicating cytokine and chemokine secretion and T cell activation in 967 

untreated (b, log2-transformed data) and stimulated (c, log2 fold change to untreated) PDTFs that 968 

were either cultured in matrix or in medium alone. OV014 was stimulated with aCD3/aCD28, RE027 969 

and OV018 were stimulated with aCD3 only. d, Correlation matrix depicting the Spearman co-efficient 970 

of cytokine/chemokine measurements and activation markers at 48 hrs in unstimulated and 971 

stimulated PDTFs that were either cultured in matrix or in medium. e-h, Heatmaps showing 972 

cytokine/chemokine secretion and T cell activation in untreated (e, log2-transformed data) and 973 

aCD3/aCD28 stimulated (f, log2 fold change to untreated) PDTFs that were cultured in different 974 

glucose concentrations (DMEM high 4,500 mg/L, DMEM low 1,000 mg/L, RPMI1640 2,000 mg/L). g, 975 

Correlation matrix depicting the Spearman co-efficient of cytokine/chemokine measurements and 976 

activation markers at 48 hrs in unstimulated and stimulated PDTFs that were cultured in different 977 

glucose concentrations. h, Heatmap showing cytokine/chemokine secretion and T cell activation in 978 

aCD3/aCD28 stimulated (log2 fold change to untreated) PDTFs that were cultured in different fetal 979 

bovine serum (FBS) or human serum (HS) concentrations. 980 

 981 
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Supplementary Figure 2. Comparison of infiltrated PDTF-NR and PDTF-R tumors. a, Effect size 982 

(calculated by Hedge’s g) and p values (by two-tailed Mann-Whitney test) of differences in steady-983 

state cytokine and chemokine production between infiltrated PDTF-R and PDTF-NR. b, Most 984 

differentially expressed cytokines and chemokines between infiltrated PDTF-R and PDTF-NR (n=21 985 

tumors). Shown are mean +/- s.d., *p<0.05, **p<0.01, ****p<0.0001 by two-tailed Mann-Whitney 986 

test. 987 

 988 

Supplementary Figure 3. Analysis of infiltrating myeloid subsets. a, Quantification of the myeloid 989 

infiltrate within total immune cells (CD45+) for the four distinct TME subtypes (n=32). Shown are mean 990 

+/- s.d., **p<0.01 by Kruskal-Wallis test corrected for multiple comparisons. b, UMAP clustering of 991 

lymphoid, myeloid, fibroblast and endothelial cell subsets (left). Overlay plots indicating expression of 992 

the markers used for assessment of myeloid cells. c, Depiction of myeloid clusters on the UMAP plot. 993 

d, Normalized expression of different myeloid markers on the nine identified myeloid clusters. e, 994 

Quantification of the myeloid clusters within total immune cells (CD45+) in each tumor. f, Pie charts 995 

indicating the distribution of myeloid clusters per TME subgroup. g, Quantification of myeloid clusters 996 

in all TME groups. *p<0.05 by Kruskal-Wallis test corrected for multiple comparisons. 997 

 998 

Supplementary Figure 4. Gating strategy and marker expression. a, Gating strategy used for all flow 999 
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Supplementary Figure 1. PDTF culture maintenance. a-c, Flow plots showing CD137 expression on 

CD3+ T cells (a) and heatmaps indicating cytokine and chemokine secretion and T cell activation in 

untreated (b, log2-transformed data) and stimulated (c, log2 fold change to untreated) PDTFs that 

were either cultured in matrix or in medium alone. OV014 was stimulated with aCD3/aCD28, RE027 

and OV018 were stimulated with aCD3 only. d, Correlation matrix depicting the Spearman co-efficient 

of cytokine/chemokine measurements and activation markers at 48 hrs in unstimulated and 

stimulated PDTFs that were either cultured in matrix or in medium. e-h, Heatmaps showing 

cytokine/chemokine secretion and T cell activation in untreated (e, log2-transformed data) and 

aCD3/aCD28 stimulated (f, log2 fold change to untreated) PDTFs that were cultured in different 

glucose concentrations (DMEM high 4,500 mg/L, DMEM low 1,000 mg/L, RPMI1640 2,000 mg/L). g, 

Correlation matrix depicting the Spearman co-efficient of cytokine/chemokine measurements and 

activation markers at 48 hrs in unstimulated and stimulated PDTFs that were cultured in different 

glucose concentrations. h, Heatmap showing cytokine/chemokine secretion and T cell activation in 

aCD3/aCD28 stimulated (log2 fold change to untreated) PDTFs that were cultured in different fetal 

bovine serum (FBS) or human serum (HS) concentrations. 
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Supplementary Figure 2. Comparison of infiltrated PDTF-NR and PDTF-R tumors. a, Effect size 

(calculated by Hedge’s g) and p values (by two-tailed Mann-Whitney test) of differences in steady-

state cytokine and chemokine production between infiltrated PDTF-R and PDTF-NR. b, Most 

differentially expressed cytokines and chemokines between infiltrated PDTF-R and PDTF-NR (n=21 

tumors). Shown are mean +/- s.d., *p<0.05, **p<0.01, ****p<0.0001 by two-tailed Mann-Whitney 

test. 
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Supplementary Figure 3. Analysis of infiltrating myeloid subsets. a, Quantification of the myeloid 

infiltrate within total immune cells (CD45+) for the four distinct TME subtypes (n=32). Shown are mean 

+/- s.d., **p<0.01 by Kruskal-Wallis test corrected for multiple comparisons. b, UMAP clustering of 

lymphoid, myeloid, fibroblast and endothelial cell subsets (left). Overlay plots indicating expression of 

the markers used for assessment of myeloid cells. c, Depiction of myeloid clusters on the UMAP plot. 

d, Normalized expression of different myeloid markers on the nine identified myeloid clusters. e, 

Quantification of the myeloid clusters within total immune cells (CD45+) in each tumor. f, Pie charts 

indicating the distribution of myeloid clusters per TME subgroup. g, Quantification of myeloid clusters 

in all TME groups. *p<0.05 by Kruskal-Wallis test corrected for multiple comparisons. 
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Supplementary Figure 4. Gating strategy and marker expression. a, Gating strategy used for all flow 

cytometry experiments and for sorting. b, Flow plots showing the expression of all markers used to 

identify major immune cell subsets either within CD3+ or CD3- subsets. c, Flow plots showing the 

expression of inhibitory receptors gated on CD8+ T cells. d, Flow plots showing the expression of 

myeloid markers gated within the Lin- population.  
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Supplementary Table 1. Patient characteristics 

Patient 
ID Histology Tumor site Systemic treatment 

with anti-PD-1 
Clinical 

response 
Ex vivo response 

to anti-PD-1 
Breast cancer 

BR012 Ductal carcinoma Primary no NA PDTF-NR 

BR013 Ductal carcinoma Primary no NA PDTF-NR 

BR014 Ductal carcinoma Primary no NA PDTF-NR 

BR015 Lobular carcinoma Primary no NA PDTF-NR 

BR016 Ductal carcinoma Primary no NA PDTF-NR 

BR017 Ductal carcinoma Primary no NA PDTF-NR 

BR018 Lobular carcinoma Primary no NA PDTF-NR 

BR027 Lobular carcinoma mixed with other 
carcinoma type Primary no NA PDTF-NR 

Non-small cell lung cancer 

LU008 Adenocarcinoma Primary yes Progressive 
disease PDTF-NR 

LU009 Adenocarcinoma Primary yes Partial 
response PDTF-R 

LU010 Acinary adenocarcinoma Primary no NA PDTF-NR 

LU012 Acinary adenocarcinoma Primary no NA PDTF-R 

LU013 Adenocarcinoma with 
neuroendocrine differentiation Primary no NA PDTF-R 

LU016 Acinar cell cystadenocarcinoma Primary no NA PDTF-NR 

LU019 Non-small-cell carcinoma Primary no NA PDTF-R 

Melanoma 

MEL009 Lentigo maligna melanoma Primary no NA PDTF-R 

MEL010 Malignant melanoma, not specified Lymph node 
metastasis yes Partial 

response PDTF-R 

MEL013 Nodular melanoma Subcutaneous 
metastasis yes Partial 

response PDTF-R 

MEL014 Superficial spreading melanoma Lymph node 
metastasis no NA PDTF-R 

MEL018 Nodular melanoma Lymph node 
metastasis yes Partial 

response PDTF-R 

MEL020 Superficial spreading melanoma Lymph node 
metastasis no NA PDTF-NR 

MEL021 Superficial spreading melanoma Lung metastasis no NA PDTF-R 

MEL023 Malignant melanoma Lymph node 
metastasis yes Progressive 

disease PDTF-NR 

MEL024 Superficial spreading melanoma Lymph node 
metastasis yes Complete 

response PDTF-R 

MEL025 Malignant melanoma, not specified Lymph node 
metastasis no NA PDTF-NR 

MEL027 Acrolentiginous melanoma Lung metastasis yes Progressive 
disease PDTF-NR 

MEL034 Superficial spreading melanoma Subcutaneous 
metastasis yes Progressive 

disease PDTF-NR 

MEL036 Malignant melanoma, not specified Lymph node 
metastasis yes Progressive 

disease PDTF-NR 

Ovarian cancer 

OV001 Clear cell adenocarcinoma Primary no NA PDTF-NR 

OV003 Adenocarcinoma Primary no NA PDTF-NR 

OV005 Serous cystadenocarcinoma Primary no NA PDTF-R 
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OV006 Serous cystadenocarcinoma Peritoneal 
metastasis no NA PDTF-NR 

OV007 Mucinous adenocarcinoma Primary no NA PDTF-NR 

OV008 Serous cystadenocarcinoma Primary no NA PDTF-R 

Renal cell carcinoma 

RE002 Clear cell adenocarcinoma Primary no NA PDTF-NR 

RE004 Clear cell adenocarcinoma Primary yes Progressive 
disease PDTF-NR 

RE005 Chromophobic carcinoma Primary no NA PDTF-NR 
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Supplementary Table 2. Patient characteristics – Validation cohort 

Patient ID Histology Tumor site Systemic treatment 
with anti-PD-1 

Clinical 
response 

Ex vivo response 
to anti-PD-1 

Breast cancer 

BR007 Ductal carcinoma Primary yes Progressive 
disease PDTF-NR 

Non-small cell lung cancer 

LU017 Acinar cell / cystadenocarcinoma Primary yes Clinical 
benefit* PDTF-R 

LU031 Large cell carcinoma Primary yes Progressive 
disease PDTF-NR 

LU032 Adenocarcinoma Metastasis 
(adrenal gland) yes# Progressive 

disease# PDTF-NR 

LU033 Squamous cell carcinoma Primary yes# Progressive 
disease# PDTF-NR 

Melanoma 

MEL033-1 Nodular melanoma Lymph node 
metastasis yes Complete 

response PDTF-R 

MEL033-2 Nodular melanoma Lymph node 
metastasis yes Complete 

response PDTF-R 

MEL044 Superficial spreading melanoma Subcutaneous 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL046 Superficial spreading melanoma Metastasis 
(lung) yes# Progressive 

disease# PDTF-NR 

MEL047 Malignant melanoma (not 
specified) 

Metastasis 
(adrenal gland) yes# Progressive 

disease# PDTF-NR 

MEL048 Nodular melanoma Metastasis 
(lung) yes Stable 

disease PDTF-NR 

MEL069 Nodular melanoma Lymph node 
metastasis yes Mixed 

response PDTF-R 

MEL071 Superficial spreading melanoma Subcutaneous 
metastasis yes Progressive 

disease PDTF-NR 

MEL074 Spindle cell melanoma Lymph node 
metastasis yes Mixed 

response PDTF-NR 

MEL075 Superficial spreading melanoma Subcutaneous 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL078 Superficial spreading melanoma Lymph node 
metastasis yes Complete 

response PDTF-R 

MEL081 Nodular melanoma Lymph node 
metastasis yes Mixed 

response PDTF-R 

MEL084 Superficial spreading melanoma Metastasis 
(adrenal gland) yes# Progressive 

disease# PDTF-NR 

MEL094 Superficial spreading melanoma Lymph node 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL097 Superficial spreading melanoma Subcutaneous 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL115 Malignant melanoma, not specified Lymph node 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL117 Malignant melanoma, not specified In transit 
metastasis yes Progressive 

disease PDTF-NR 

MEL118 Superficial spreading melanoma Metastasis 
(adrenal gland) yes# Progressive 

disease# PDTF-NR 

MEL119 Malignant melanoma, not specified Subcutaneous 
metastasis yes Progressive 

disease PDTF-NR 

MEL120 Superficial spreading melanoma Lymph node 
metastasis yes# Progressive 

disease# PDTF-NR 

MEL121 Malignant melanoma, not specified Lymph node 
metastasis yes Partial 

responder PDTF-R 

*No radiological response evaluation, death to non-cancer related cause 
#aPD-1 resistant lesion 
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Supplementary Table 3. Patient characteristics – Multiple lesions cohort 

Patient ID Lesion Histology Tumor site Ex vivo response 
to anti-PD-1 

MEL025 
1 Malignant melanoma, not specified Lymph node metastasis PDTF-NR 

2 Malignant melanoma, not specified Lymph node metastasis PDTF-NR 

MEL033 
1 Nodular melanoma Lymph node metastasis PDTF-R 

2 Nodular melanoma Lymph node metastasis PDTF-R 

MEL045 
1 Superficial spreading melanoma Subcutaneous metastasis PDTF-NR 

2 Superficial spreading melanoma Subcutaneous metastasis PDTF-NR 

MEL066 
1 Malignant melanoma, not specified Lymph node metastasis PDTF-NR 

2 Malignant melanoma, not specified Subcutaneous metastasis PDTF-R 

LU027 
1 Adenocarcinoma lung Lymph node metastasis PDTF-R 

2 Adenocarcinoma lung Primary PDTF-NR 

BR014 
1 Ductal carcinoma breast Primary (left breast) PDTF-NR 

2 Ductal carcinoma breast Primary (right breast PDTF-NR 

BR015 
1 Lobular carcinoma breast Primary PDTF-NR 

2 Lobular carcinoma breast Lymph node metastasis PDTF-NR 

RE021 
1 Chromophobic renal carcinoma Multinodular primary tumor 

(hemorrhagic part) PDTF-NR 

2 Chromophobic renal carcinoma Multinodular primary tumor 
(fatty part) PDTF-NR 

OV009 
1 Serous cystadenocarcinoma ovary Primary PDTF-NR 

2 Serous cystadenocarcinoma ovary Metastasis (omentum) PDTF-NR 

OV013 

1 Endometrioid adenocarcinoma ovary Primary PDTF-NR 

2 Endometrioid adenocarcinoma ovary Metastasis (omentum) PDTF-NR 

3 Endometrioid adenocarcinoma ovary Metastasis (peritoneum) PDTF-R 

OV014 
1 Serous adenocarcinoma ovary Metastasis (omentum) PDTF-NR 

2 Serous adenocarcinoma ovary Primary PDTF-NR 
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