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Abstract

Purpose: Hyperprogression (HP), a paradoxical boost in

tumor growth, was described in a subset of patients treated

with immune checkpoint inhibitors (ICI). Neither clinico-

pathologic features nor biological mechanisms associated

with HP have been identified.

Experimental Design: Among 187 patients with non–

small cell lung cancer (NSCLC) treated with ICI at our

institute, cases with HP were identified according to clinical

and radiologic criteria. Baseline histologic samples from

patients treated with ICI were evaluated by IHC for myeloid

and lymphoid markers. T-cell–deficient mice, injected with

human lung cancer cells and patient-derived xenografts

(PDX) belonging to specific mutational subsets, were

assessed for tumor growth after treatment with antibodies

against mouse and human programmed death receptor-1

(PD-1). The immune microenvironment was evaluated by

flow cytometry and IHC.

Results: Among 187 patients, 152 were evaluable for clin-

ical response. We identified four categories: 32 cases were

defined as responders (21%), 42 patients with stable disease

(27.7%), 39 caseswere defined as progressors (25.7%), and 39

patients with HP (25.7%). Pretreatment tissue samples from

all patients with HP showed tumor infiltration by M2-like

CD163þCD33þPD-L1þ clustered epithelioid macrophages.

Enrichment by tumor-associated macrophages (TAM) was

observed, even in tumor nodules from immunodeficient mice

injected with human lung cancer cells and with PDXs. In these

models, tumor growth was enhanced by treatment with anti–

PD-1 but not anti–PD-1 F(ab)2 fragments.

Conclusions: These results suggest a crucial role of

TAM reprogramming, upon Fc receptor engagement by

ICI, eventually inducing HP and provide clues on a dis-

tinctive immunophenotype potentially able to predict HP.

See related commentary by Knorr and Ravetch, p. 904

Introduction

The advent of immune checkpoint inhibitors (ICI) has radically

changed the paradigm of care for patients with non–small

cell lung cancer (NSCLC). Several agents are now approved in

the treatment of NSCLC on the basis of their superiority

over chemotherapy (1, 2). Immunotherapy with antibodies tar-

geting either the programmed death receptor 1 (PD-1) or its

ligand (PD-L1) may provide long-term benefits in approximately

20% of patients (2). However, in a subset of patients, ICI para-

doxically accelerates tumor growth, a phenomenon known as
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hyperprogression (HP; refs. 3–6). Studies have estimated that the

prevalence of HP in patients with different cancer histotypes

treated with ICI may range between 9% and 29% (3–6). No

significant histopathologic and molecular features capable of

predicting a priori HP have been identified, with the partial

exception of rare MDM2 amplification and EGFR mutations

(5). These observations have ignited an international debate

regarding whether HP is a true phenomenon or only representa-

tive of a subset of patients with a particularly worse prognosis.

In the tumor microenvironment, the effector functions of

innate immune cells may be blunted by the PD-1 receptor, as

observed for T lymphocytes, suggesting that these innate cells are

another potential target for ICI (7–9). Accordingly, it has been

demonstrated that anti–PD-1 antibody can exert antitumor activ-

ity in immunodeficient mice via natural killer (NK) cells (8).

Conversely, it has been demonstrated that, in PD-1�/�NK cells or

inNK cells pretreatedwith anti–PD-1 antibody, the production of

lyticmolecules such as perforins and granzymes is decreased (10).

Moreover, tumor-infiltrating dendritic cells (9) and monocytes

(11) are reported to release the immunosuppressive cytokine IL10

uponanti–PD-1 treatment. Therefore, it is possible to hypothesize

that in some circumstances, PD-1 blockade might exacerbate

immunosuppression upon interaction with innate immune cells.

The aim of this study was to investigate, at the clinical and

pathologic level, the phenomenon of HP in patients with NSCLC

and to evaluate the role of innate immunity during ICI treatment.

To eliminate the interference of T lymphocytes, we exploited cell

lines and patient-derived xenografts (PDX) transplanted in

immunodeficient mice.

Materials and Methods
Clinical series

Medical records, radiologicfindings, and available tumor speci-

mens were collected from patients with NSCLC treated with ICI at

the Thoracic Unit of the Istituto Nazionale dei Tumori, Milan,

Italy, from July 2013 to December 2017.The study complied with

theDeclarationofHelsinki andwas done in accordancewith good

clinical practice guidelines. All samples were obtained according

to the Internal Review and the Ethics Boards of the Istituto

Nazionale Tumori of Milan and all patients provided informed

consent. All experimental protocols were approved by the ethics

boards of the Istituto Nazionale Tumori of Milan (Int 22/15).

Radiologic evaluation (CT scan with or without brain MRI) was

performed at treatment initiation and every 8 weeks thereafter.

Considering that criteria to define patients with HP described by

previous authors (3–6) are applicable only in advanced lines, our

multidisciplinary team (oncologists, pneumologists, radiologists,

and thoracic surgeons) created institutional clinical and radio-

logic criteria designed to identify patients withHP also infirst-line

treatment. Patients with HP or those patients defined as P were

classified according to predefined criteria as follows: (i) time-to-

treatment failure < 2months (time-to-treatment failure is defined

as the time from the start of treatment with ICI to ICI discontin-

uation for any reason, including progression, patient preference,

toxicity, or death); (ii) increase of �50% in the sum of target

lesions major diameters between baseline and first radiologic

evaluation; (iii) appearance of at least two new lesions in an

organ already involved between baseline and first radiologic

evaluation; (iv) spread of the disease to a new organ between

baseline and first radiologic evaluation; (v) clinical deterioration

with decrease in Eastern Cooperative Oncology Group (ECOG)

performance status �2 during the first 2 months of treatment.

Patients who fulfilled at least three of the clinical/radiologic

criteria were defined as exhibiting HP, whereas patients with

RECIST 1.1 progressive disease as best response without fulfilling

at least three criteria were defined as P patients. All R patients and

SD patients were classified according to their RECIST 1.1 best

response. Only patients who underwent at least two cycles of ICI

treatment were included in this analysis.

IHC

IHC was carried out on formalin-fixed paraffin-embedded

(FFPE) human or PDX tissue sections as described in Supplemen-

tary Materials and Methods. All the slides were analyzed under a

Zeiss Axioscope-A1 equipped with fluorescence module and

microphotographs were collected using a Zeiss Axiocam 503

Color with the Zen 2.0 Software (Zeiss). All markers were scored

according to the percentage of immunoreactive cells out of the

total cellularity.

Animal studies

All xenograft experiments were undertaken using 8- to 9-week-

old female athymic nude or SCID mice (Charles River Laborato-

ries). HumanNSCLC cell line H460 tumor-bearing athymic nude

mice were treated intraperitoneally or peritumorally with either

200 mg of mAb anti-mouse PD-1 (clone RMP1-14, BioXCell) or

saline, and with either peritumoral anti–PD-1 F(ab)2 or isotype

control. Experiments were carried out in groups of four SCID

mice, bearing a PDX sample or a cell suspension (105 cells for

H460 and PC9 xenograft experiments) in each flank. Mice were

treated twice weekly with an intraperitoneal injection of 10mg/kg

nivolumab (Opdivo; Bristol-Myers Squibb) or nivolumab F(ab)2
fragments. Mice were maintained in the Animal Facility of the

Fondazione IRCCS Istituto Nazionale dei Tumori (Milan, Italy).

Animal experiments were authorized by the Institutional Animal

Welfare Body and the ItalianMinistry ofHealth, and performed in

accordance with national law (D.lgs 26/2014) and Guidelines for

theWelfare of Animals in ExperimentalNeoplasia (12). At the end

of each experiment, tumors were harvested for subsequent

analyses.

Translational Relevance

Hyperprogressive disease in lung cancer and other tumors is

an urgent clinical issue affecting 1 of 5 patients treated with

immune checkpoint inhibitors (ICI), affecting their prognosis

and leading to death in a very short time. As the use of

immunotherapy increases in the clinic, it is important to

understand the intricacies of this new treatment option to

optimize treatment approaches. Data already published in the

field mainly focused on adaptive immunity without finding

any characteristics to predict a priori the phenomenon. Our

preclinical findings underline the role of innate immunity in

mediating hyperprogression (HP) via Fc/FcR triggering on

macrophages by anti–PD-1 antibody. Accordingly, all patients

with HP showed tumor infiltration by M2-like

CD163þCD33þPD-L1þ clustered epithelioid macrophages.

These results, pointing to the involvement of innate immune

cells in HP, provide new insights into the still unknown

mechanisms behind a clinical conundrum.

Lo Russo et al.
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Statistical analysis

Distribution of continuous and categorical biomarkers was

summarized by the median as a measure of central tendency

and absolute frequencies, respectively. The Cochran–Mantel–

Haenszel x2 test was used to detect statistical association (i.e.,

P < 0.05) in univariate analysis. The median and interquartile

range (IQR) follow-up was estimated using the reverse

Kaplan–Meier method.

Results
Clinical and pathologic evidence in patients with advanced

NSCLC treated with ICI

From July 2013 toDecember 2017, 187 patients with advanced

NSCLC received treatment with ICI at the Thoracic Unit of the

Medical Oncology Department at the Istituto Nazionale dei

Tumori (Milan, Italy), and 152 patients were evaluable for

response. We identified four categories: responders (R, 32 cases,

21%), patients with stable disease (SD, 42 cases, 27.7%), pro-

gressors (P, 39 cases, 25.7%), and patients with HP (39 cases,

25.7%). Patients' characteristics are described in Supplementary

Table S1. In this population, after a median follow-up of 32.7

(IQR 15.1–39.6) months, 108 of 152 patients (71%) died.

Median [95% confidence interval (CI)] overall survival (OS) in

the overall population was 11.9 (95% CI, 8.8–15.5) months.

If we restrict the analysis to patients with HP, median

OS significantly decreased to 4.4 (95% CI, 3.4–5.4) months

as compared with 17.7 (95% CI, 13.4–24.1) in non-HP

patients. Median OS was 8.7 (95% CI, 5.3–13.4), 17.7 (95%

CI, 12.7–25.5), and not reached in P, SD, and R patients,

respectively.

Supplementary Table S2 shows the differences between P and

HP according to our criteria described in the Materials and

Methods section. Of 187 patients, 64 were diagnosed in other

centers and could not be included in the present histopathologic

and molecular analysis. Of the remaining 123, 35 patients (11

withHP and 24without HP) were evaluable for response and had

tissue samples suitable for a wide IHC characterization and gene

expression analysis. Patients' characteristics of the extensively

analyzed 35 samples resemble the clinical characteristics of the

whole treated population

IHC analysis was performed to assess the presence and

distribution of tumor-infiltrating immune elements. The

immunophenotype of 11 patients with HP was compared

with that of 24 patients without HP (6 P, 11 SD, and 7 R).

No significant differences were observed among all the clinical

classes of patient with respect to the subsets of tumor-infil-

trating T lymphocytes (TIL), evaluated by the density of CD3þ,

CD4þ, and CD8þ lymphocytes and FOXP3þ regulatory T cells

(Tregs). In addition, no differences were detected between

classes of patient in the numbers of CD138þ plasma cells

(PC), CD123þ plasmacytoid dendritic cells (pDC), peritu-

moral and stromal myeloperoxidase (MPO)þ myeloid cells,

CD163þ macrophages, CD33þ, PD-1, and PD-L1þ immune

cells. However, MPOþ myeloid cells within the tumor were

directly correlated (P ¼ 0.0497) and PD-L1 expression in

tumor cells was inversely correlated (P ¼ 0.0457) with HP.

Furthermore, a statistical trend was shown for the M2 macro-

phage/myeloid-derived suppressor cells marker Arginase-A I

(ArgI) on peritumoral immune cells (P ¼ 0.0666; Supplemen-

tary Table S3).

Gene expression profile (GEP) analysis of pretreatment tumors

did not show any relevant features except for underexpression of

pathways related to proliferative activity and cell metabolism in

patients experiencing HP after ICI (Supplementary Fig. S1A and

S1B). The analyses of selected genes representative of immune

subsets by qRT-PCR revealed overexpression of the CD274 gene,

encoding for PD-L1, as the only significant marker in R patients

(Supplementary Fig. S1C). FISH of MDM2 and MDM4 genes,

carried out on in a cohort of 30 FFPE NSCLC tissues derived from

11 patients with HP and 17 patients without HP, revealed the

presence of 3 amplified tumors (2 MDM2, 1 MDM4) in patients

withHPand6 amplified tumors (4MDM2, 1MDM4 and1MDM2

and MDM4) in patients without HP (Supplementary Fig. S2).

Notably, we noticed that, in some cases, CD163þ tumor-

infiltrating macrophages showed epithelioid morphology

(alveolar macrophage-like) with the tendency to form dense

clusters within neoplastic foci (Fig. 1A). In these cases, the same

cells were found to coexpress CD33 and PD-L1 (Figs. 1B and 2).

Such a peculiar morphology, aggregation, and immuno-

phenotype (CD163þCD33þPD-L1þ) of macrophages, which

we define "complete immunophenotype," was observed in all

patients with HP and found to be statistically significant versus

patients without HP (P < 0.0001; Supplementary Tables S4 and

S5). This complete immunophenotype was also observed in 1 P

patient, 2 patients with SD, and 1 R patient (Supplementary

Table S5). All other cases experiencing treatment response with

stable or slowly progressive disease either lacked the presence

of epithelioid macrophages or showed loose clustering, or

lacked some of the above markers (mainly CD33� and/or

PD-L1; Fig. 1C and D).

Anti-mouse PD-1 antibody induces tumor progression in

athymic mice

Histopathologic analyses showed the presence of clustered

CD163þCD33þPD-L1þ epithelioid macrophages as a distinctive

trait in tumors with HP. Therefore, we sought to test whether

macrophages are involved in the detrimental effects associated

with anti–PD-1 therapy in preclinicalmodels. Athymic nudemice

implanted with human H460 NSCLC cell line were treated either

intraperitoneally (Fig. 3A) or peritumorally (Fig. 3B) with anti–

PD-1 antibody (clone RMP1-14) or saline. Anti–PD-1 treatment

increased tumor growth comparedwith the control group, regard-

less of route and schedule of treatment (Fig. 3A and B). Anti–PD-1

treatmentwas also associatedwith a significant increase inCD45þ

leukocyte infiltration at the host–tumor interface, evaluated by

IHC (Fig. 3C). Such an increase was mainly due to increasing

numbers of intratumoral macrophages (F4/80þ cells) and Argi-

nase-Iþ–expressing cells, whereas the density of B lymphocytes

(CD45R/B220þ), granulocytes (Gr-1þ), and NK (NKp46þ) cells

was comparable with the control group (Fig. 3C). Of note,

Arginase-I was also consistently expressed by the complete immu-

nophenotype intratumor macrophages characterizing patients

with HP (Fig. 1E). Tumor-associated macrophages (TAM) can

express PD-1 and the blocking of this receptor restores antitumor

functions (7). Thus, the detrimental boost in tumor growth may

not be ascribed to such receptor blockade, but rather to the Fc

domain of the antibody which is reported tomodulate anti–PD-1

antibody functional activity (13). Accordingly, the same experi-

ments were performed using anti–PD-1 F(ab)2 fragments. The

lack of the Fc portion abrogated the increase in tumor growth

observed with the whole antibody (Fig. 3D).

ICI Induce HP through FcR Triggering on Macrophages
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Anti-human PD-1 antibody (nivolumab) induces tumor

progression of PDXs in SCID mice

To exclude a direct involvement of PD-1 expression in immune

cells, we treated SCID mice with anti-human PD-1 (nivolumab),

which does not cross-react with the murine counterpart (Supple-

mentary Fig. S3A). Because a link between HP and EGFR muta-

tional status has been proposed by Kato and colleagues (5), we

compared two NSCLC PDXs, with and without EGFR mutation:

Figure 1.

IHC analyses for CD163, PD-L1, and CD33 in representative hyperprogressor and nonhyperprogressor cases. A, Representative microphotographs detailing the

presence of macrophages displaying epithelioid morphology and expression of CD163, PD-L1, and CD33 markers (defined as complete phenotype) in 4

hyperprogressor cases. B, Double immunofluorescence staining for CD163 (green) and PD-L1 (red) showing the coexpression of the two markers in epithelioid

macrophages (arrows). C, Representative microphotographs detailing the presence of macrophages displaying epithelioid morphology, variable clustering, and

incomplete expression of the three CD163, PD-L1, and CD33 markers (defining the complete phenotype of HP patients) in 2 cases of non-HP patients

(SD). D, Representative microphotographs detailing the presence of myeloid elements with nonepithelioid morphology (stellate or spindle-shaped cells) on CD163,

PD-L1, and CD33 markers populating tumor infiltrates of non-HP patients (1 SD and 1 response). E, Representative microphotographs relative to Arginase-A1

expression by clustered epithelioid macrophages in 4 HP patients' infiltrates. Magnification 20�.

Lo Russo et al.
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PDX302 (P53C135Y, EGFRL858R, KRASWT, APCWT) versus PDX305

(P53WT, EGFRWT, KRASG12C, APCR1114L). On PDXs, before treat-

ment, FACS analysis with human anti–PD-1 antibody showed

expressionof PD-1 receptor on a subset of tumor cells (around1%

PD-1þ cells, Supplementary Fig. S3B). In addition, IHC analysis

showed that F4/80þ epithelioid/monocytoid elements, aggregat-

ed in clusters resembling those identified in patients with HP,

were appreciable only in PDX302 (Supplementary Fig. S3C).

SCID mice carrying subcutaneous PDX302 (n ¼ 8), but not

PDX305 (n ¼ 8), showed a significant increase in tumor growth

rate compared with controls following twice weekly treatment

with nivolumab (Fig. 4A). FACS analysis in lungs of PDX302

bearers showed increased cancer cell dissemination in nivolu-

mab-treated mice but not in controls (3.88�1.99% vs.

0.87� 0.33%, P ¼ 0.0286, respectively; Fig. 4B), whereas no

differences were detected in PDX305 bearers (data not shown).

FACS analysis was also performed on primary tumors for

characterization of different myeloid subsets (CD11b, Ly6G,

Ly6C, and F4/80) and NK cells (CD49b). In PDX302-bearing

mice, an increase in CD11bþF4/80high macrophages was

observed in the nivolumab-treated group versus controls (Sup-

plementary Fig. S3D), whereas no significant changes occurred

in other immune subpopulations. Accordingly, IHC analysis

performed on the same tumors revealed accumulation of

macrophages and ArgIþ-expressing cells (Fig. 4C; Supplemen-

tary Fig. S3E). Notably, in PDX302, the F4/80þ epithelioid/

monocytoid clusters were enriched in nivolumab-treated

tumors (Fig. 4C).

Figure 2.

Immunofluorescence panels from prototypical hyperprogressive disease infiltrates showing the colocalization of CD33, CD163, and PD-L1 in clustered macrophages

with epithelioid morphology. Three different combinations of double-marker stainings are shown. Green signal and red signal correspond to Opal-520 and

Opal-620 fluorophores, respectively. Original magnifications 100� and 400�.

ICI Induce HP through FcR Triggering on Macrophages
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Figure 3.

Anti-mouse PD-1 antibody induces tumor progression in athymic mice. Athymic nude mice were xenografted with H460 lung cancer cell lines and treated

intraperitoneally (i.p.; n¼ 6mice/group; A) or peritumorally (p.t.; n¼ 5 mice/group; B) with 200 mg of anti-mouse PD-1 blocking antibody (red dots) or with vehicle

(black dots). Red arrows indicate the days of anti–PD-1 antibody treatment. Dots representmean�SEMof tumor volume for each group. �� ,P<0.01 bymixedmodels

ANOVA. C, Representative IHC images and quantification of leukocytes (CD45þ), macrophages (F4/80þ), Arginase-Iþ, B lymphocytes (CD45R/B220þ),

granulocytes (Gr-1þ), and NK (NKp46þ) cells in the tumor microenvironment of H460 lung cancer xenografts collected from the study illustrated in Fig. 3B

(peritumoral experiment; n¼ 5 mice/group). Original magnification 20�. � , P < 0.05; �� , P < 0.01 by Mann–Whitney U test. D, Athymic nude mice were xenografted

with H460 lung cancer cell lines and treated intraperitoneally with 200 mg anti–PD-1 F(ab)2 (blue dots) or with vehicle (black dots; n¼ 6 mice/group). Blue arrows

indicate the days of anti–PD-1 antibody treatment. Dots represent mean � SEM of tumor volume for each group.
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Figure 4.

Anti-human PD-1 antibody (nivolumab) induces tumor progression of PDXs in SCID mice. A, PDX302 (P53C135Y, EGFRL858R, KRASWT, APCWT) and PDX305

(P53WT, EGFRWT, KRASG13C, APCR1114L) sampleswere injected in bothflanks of SCIDmice (n¼4).Micewere treatedwith 10mg/kg intraperitoneal nivolumab (red

dots) twice weekly from day 1 after tumor implant to the end of the experiment. �� , P < 0.01 by mixed models ANOVA. B, Analysis of tumor cells disseminated

tomice lungs.Mice lungswere analyzedbyFACS, after tissuedissociation to single cells, for thepresenceof humandisseminatedcells. Graphs indicate thepercentage

of human cells in nivolumab-treated and control mouse lungs. � , P < 0.05. C, Representative images showing F4/80þ cells with epithelioid/monocytoid

elements aggregated in clusters in an untreated PDX302model.D,Dot plot summarizing the results of the effects of nivolumab treatment in all tested PDX (PDX302,

PDX305, PDX111, and PDX220) and xenograft models (H460 and PC9). Response rate was estimated as described in the "Materials and Methods" section. CR,

complete response; MCR, maintained complete response; PD, progressive disease; PR, partial response. E, PDX302 (P53C135Y, EGFRL858R, KRASWT, APCWT)

sampleswere injected inbothflanksof SCIDmice (n¼4).Micewere treatedwith 10mg/kg intraperitoneal nivolumab,nivolumabF(ab)2, or clodronateplusnivolumab

twiceweekly (onceweekly for clodronate injection) fromday 1 after tumor implant to theendof theexperiment. � ,P<0.05.Clodr., clodronate.F,Analysisof tumorcells

disseminated tomice lungs. Mice lungswere analyzed by FACS, after tissue dissociation to single cells, for the presence of human disseminated cells. Graphs indicate

the percentage of human cells in nivolumab-, nivolumab F(ab)2-, or clodronate plus nivolumab–treated and control mouse lungs. � , P < 0.05 compared with

control; #P < 0.05 compared with nivolumab treated. Clodr., clodronate.G, Representative IHC images of mouse iliac lymph nodes showing tumor cell dissemination

with thepresenceofametastatic nodule (indicatedby theasterisk)only innivolumab-treatedmice.CK,pan-cytokeratin staining;H&E, hematoxylinandeosin staining.

H, Hematoxylin and eosin and Masson trichrome staining showing the presence of fibrotic areas with consistent matrix deposition in untreated, nivolumab-,

and nivolumab F(ab)2-treated representative cases. IHC analysis for CD206þmacrophages highlighting the enrichment inmacrophages in nivolumab-treated tumor.
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Overall, these data indicate that in the EGFR-mutated PDX302-

bearing mice, nivolumab triggers a detrimental effect character-

ized by increased tumor growth, lung dissemination, and the

accrual of macrophages, most likely M2.

To further confirm the detrimental effect induced by nivo-

lumab in other preclinical models, PDX111 (P53C242X,

KRASG12V, CDKN2AE69X, CTNNB1T41I), PDX220 (wild-type for

all tested genes), H460 (KRASQ61H, STK11Q37�), and PC9

(EGFRL858R, EGFRE746_A750del, CDKN2AG67V) were xenografted

in SCID mice. All tested models showed low levels of PD-1

expression on tumor cells (ranging from 0.6% to 4%, Supple-

mentary Fig. S3B). As with PDX302, an increase in tumor

growth was observed in H460- and PC9-bearing mice after

nivolumab treatment. PDX111 tumors showed a variable

response, whereas tumors in PDX220- and PDX305-bearing

mice showed no response to nivolumab (Fig. 4D).

To reinforce the role of the Fc domain of the antibody in

boosting tumor growth, PDX302-bearing SCIDmice were treated

with nivolumab-F(ab)2 fragments. No HP-like growth was

observed (Fig. 4E), whereas in the same experiment, mice treated

with the entire antibody showed HP-like growth, dissemination

to lung (Fig. 4F), and regional (iliac) lymph node metastases

(Fig. 3G). In the group pretreated with clodronate, which reduces

F4/80þ macrophages, impaired nivolumab-induced tumor

growth was observed (Fig. 4E). The F4/80þ macrophages also

stained for CD206 that marks M2-like subsets and aggregated in

fibrotic-like areas in nivolumab-, but not in nivolumab F(ab)2-

treated tumors. In the latter, lessfibrotic areas than in controlmice

were observed (Fig. 4H).

These results suggest that HP is sustained by nivolumab inter-

action withM2-like macrophages, most likely via Fc–Fcg receptor

binding (Fig. 5).

Discussion

Although ICI have changed the paradigm of care for patients

with NSCLC, an in-depth examination of the Kaplan–Meier

curves from the CheckMate-026 (14), CheckMate-057 (15),

CheckMate-227 (16), and KEYNOTE-042 (17) trials showed an

excess of disease progression and death in the immunotherapy

treatment arms compared with chemotherapy in the first 3

months of treatment. This was also underscored by the European

Medicines Agency in response to the appraisal for the second-line

use of nivolumab in nonsquamous histologies (http://www.ema.

europa.eu/docs/en_GB/document_library/EPAR_-_Product_In

formation/human/003985/WC500189765.pdf). Furthermore,

the benefit of ICI in trials conducted in never smokers and in

patients with EGFRmutation–positive or anaplastic lymphoma

kinase (ALK) mutation–positive NSCLC seems unclear (1, 2, 5,

14, 15). The four most important articles on the HP topic

showed prevalence rates ranging from 9% to 29% throughout

tumor types, including NSCLC (3–6). In all these articles, the

ratio of the tumor growth rates before and during ICI treatment

was used to identify HP, although with slightly different cut-

offs. None of these studies defined pathologic features able to

predict HP, although MDM2/4 amplification and EGFR altera-

tions were proposed to be associated (5). However, we did not

find any significant difference in the frequency of MDM2/4

amplification between patients with and without HP, and the

role of EGFR cannot be discussed due to the low number of

EGFR-mutated patients included in our case series (Supple-

mentary Table S1)

Our definition of HP is different from that used in the above-

mentioned studies, where radiologic imaging before, at the start

and after ICI is needed to identifyHP.However, in clinical practice

all these radiologic evaluations are often unavailable, and as a

Figure 5.

Hypothesized mechanism through which macrophages and ICI are involved in determining HP.
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consequence, the criteria used in literature are unable to classify

patients with HP considering that ICI are starting to be widely

used as first-line therapy. Furthermore, both RECIST 1.1 and

Immune-related RECIST (irRECIST) criteria, used in the reported

analyses, considered only changes in tumor size and did not

take into account nontarget lesions, such as lymphangitis and

pathologic lesions under 10 mm. In addition, functional and

clinical aspects, such as deterioration in performance status,

were not considered. Therefore, we decided to include both

clinical and radiologic criteria to identify patients with HP in

our series. These proposed criteria might overestimate the real

fraction of patients experiencing HP; for these reasons, a clinical

trial is ongoing within our Institute to properly validate the

criteria and thereby obtain the true rate of HP as well as the

distinctive immunophenotype.

Nivolumab-treated cell lines and PDX-bearing SCID mice

mirrored the clinical observation of HP following treatment

with ICI. Interestingly, patients and mice classified with HP share

a similar tumor immunophenotype. Indeed, the population of

F4/80þCD206þArginase-A1þ cells emerging from PDXs with

HP matches macrophage features of the human counterpart

(Figs. 1A, 4C, and 4H; and Supplementary Fig. S3C). M2-like

macrophages were preferentially associated with fibrotic foci in

PDXs that experience HP-like tumor growth after PD-1 blockade.

The recruitment of these myeloid cells may promote a peculiar

cancer-associated innate response that may affect tumor

growth. Indeed, Knipper and colleagues. described a cross-talk

between myeloid cells and fibroblasts promoting skin fibrosis

that could provide proliferative and prosurvival signals in

cancer cells (18). Prominent mitotic figures can be consistently

identified in nivolumab-treated tumor foci embedded in a

fibrotic stroma. In human samples, the accumulation of these

cells is apparently unrelated to the extent and distribution of

tumor-infiltrating T-cell populations.

The role of the innate immune system in mediating the effects

of ICI is now clearly emerging. Cells of myeloid origin present in

the tumormicroenvironment decrease the effects of ICI via PD-L1

expression (19), by "stealing" anti–PD-1 antibody from the

membrane of T lymphocytes that return to anergy (20) or by

secreting immunosuppressive molecules (21). Our study pro-

vides novel evidence of negative immunoregulatory role exerted

by PD-L1þ macrophages enriched at tumor site under treatment

with ICI. Pretreatment lesions from all patients classified as HP

showed tumor infiltration by clustered epithelioid macrophages

characterized by a CD163þCD33þPD-L1þ profile. Interestingly,

CD163þ PD-L1þ macrophages represent a common immune

landscape for different tumors. PD-L1þ macrophages have been

recently described to accumulate in tight clusters at the tumor

invasive margin in NSCLC (22). Macrophages expressing both

PD-L1 and the "M2" marker CD163 have been described in MSI

colorectal cancer (23), triple-negative breast cancer (24), gastric,

and cervical cancer (25, 26). In some of these studies, the presence

of PD-L1þmacrophages has been associated with poor prognosis

(24, 26) and/or with immunosuppressive function through IL10

production (27). In addition, the concurrent expression of

CD163, CD33, and PD-L1 has been recently described in alveolar

macrophages from patients with acute respiratory distress syn-

drome, a nononcologic condition present in 10% of subjects

admitted to intensive care units (28). In this regard, we observed

an increased infiltration of M2 macrophages after anti–PD-1

administration, providing evidence for their involvement in

determining HP. TAMs can also express PD-1 that, if neutralized,

can restoreM1-like properties (7). This likely excludes blockade of

PD-1 signaling in our models that remain rather oriented to M2.

Therefore, we examined the possibility of FcR engagement as a

modulator of anti–PD-1 activities (13). Upon testing the F(ab)2
moiety in comparison with whole Ab, we have shown that

nivolumab without the Fc domain no longer induces HP-like

disease in our models.

The anti-mouse PD-1 cloneRMP1-14, utilized for the treatment

of tumor-bearing athymic mice, is a rat immunoglobulin

IgG2a reported to interact with the mouse inhibitory receptor,

FcgRIIb (13). FcgRIIb has been shown to be involved in damp-

ening the immune response, and impairments in FcgRIIb function

are associated with an exacerbation of inflammatory processes

(29). The anti-human PD-1 antibody nivolumab is an IgG4

isotype with reduced binding affinity to activating FcgRs,

thereby avoiding antibody-dependent cell-mediated cytotoxicity

on PD-1þ immune cells (30). However, nivolumabmaintains the

ability to bind to the inhibitory FcgRIIb receptor (13). Therefore,

we suggest a possible role of FcgRIIb in the detrimental effect

associated with anti–PD-1 therapy. However, since both human

IgG4 and rat IgG2a can bind at lower affinity to other FcRs, the

involvement of these receptors cannot be excluded. Further-

more, studies elucidating the involvement of FcRs in the devel-

opment of HP are required. Very recently, a report described

PD-1 expression in one NSCLC case with HP and in one mouse

NSCLC cell line. The latter treated with anti-murine PD-1 Ab

underwent accelerated tumor growth (31). This interesting and

logical explanation of HP cannot be totally supported by the

low expression/prevalence of PD-1 on tumors and by F(ab)2
experiments in mice. We found clusters of PD-1–expressing

cells in 2 of 11 patients with HP (data not shown) and in all

xenografts and PDXs, although at low levels (0.6%–4%) and

with no correlation with HP-like progression.

In conclusion, the ongoing debate regarding whether HP is a

true phenomenon or only representative of patients with a par-

ticularly worse prognosis is confirmed in our preclinical models,

where ICI are able to boost tumor growth in a manner akin to the

clinical observations of HP in patients with NSCLC. Our results

suggest that FcR triggering of clustered epithelioid macrophages

with a specific immunophenotype by ICI delivers a signaling

cascade that promotes functional reprogramming of these cells

toward a more aggressive protumorigenic behavior. This eventu-

ally induces HP in a subset of patients with distinctive immune

and genetic profiles (depicted in Fig. 5). Our analyses, for the first

time, suggest a role of innate immunity in this process. A further

prospective validation of the HP immunophenotype and its

relationship with specific genotypes, as well as the new proposed

clinical criteria to classify HP, is ongoing.
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