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Background: Immune checkpoint inhibitors (ICIs) are now an important option for more
than 14 different cancers. Recent series case reports have described that ICIs are
associated with new-onset diabetes in patients, yet the definitive risk is not available.
We thus performed a meta-analysis of randomized controlled trials (RCTs) to assess the
incidence and risk of developing new-onset diabetes following the use of ICIs.

Methods: The PubMed, EMBASE, Cochrane Library databases, and ClinicalTrials.gov for
RCTswere searched. Statistical analyses were performed using STATA 15 and R language.
Fifty-two RCTs were included, and 12 did not report any events of ICI-associated diabetes.

Results:Ameta-analysisof40 trialswasperformed,which reportedat leastonediabetes-related
event among 24,596 patients. Although specific diabetes-related events were rare, compared
with theplaceboorother therapeuticstrategies, theratesofserioushyperglycemia (OR2.41,95%
CI 1.52 to 3.82), diabetes (3.54, 1.32 to 9.51), all-grade T1D (6.60, 2.51 to 17.30), and serious-
grade T1D (6.50, 2.32 to 18.17) were increased with ICI drugs. Subgroup analysis according to
the typeof control, typeof ICIs, and the combinationmodesuggested that ICIs plus conventional
treatments significantly decreased the risks of diabetes and serious-grade hyperglycemia. There
was little heterogeneity across the studies in all results except hyperglycemic events, which in
part was attributable to data from everolimus-based control group.

Conclusions: New-onset diabetes is uncommon with ICIs but the risk is increased
compared with placebo or another therapeutic strategy. However, more studies are
warranted to substantiate these findings across ICIs.

Keywords: immune checkpoint inhibitors, diabetes, hyperglycemia, meta-analysis, safety outcomes
INTRODUCTION

Immune checkpoint inhibitor (ICI)-based treatments that block molecules such as programmed cell
death protein 1 (PD-1), PD1 ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) have emerged as powerful weapons in a growing number of cancers (Temel et al., 2018).
Currently, nine ICIs have been approved for the treatment of different cancers: anti-PD-1 (nivolumab,
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pembrolizumab, toripalimab, sintilimab, and cemiplimab); anti-
PD-L1 (atezolizumab, avelumab, and durvalumab); and anti-
CTLA-4 (ipilimumab). Immune checkpoint molecules play an
important role in maintaining immunological tolerance to self-
antigens and preventing autoimmune disorders (Pardoll, 2012).
Consequently, their blockade in cancer therapy not only promotes
T cell-mediated immune destruction on tumor cells but may also
facilitate autoimmune activity that affects various organ systems
(Johnson et al., 2018). Thus, ICIs frequently cause toxicities related
to the mechanism of action that are generally referred to as
immune-related adverse events (irAEs) (Postow et al., 2018).

Among these irAEs, new-onset diabetes is receiving increased
attention, as more evidence suggests the recognition of diabetes-
related adverse events in patients with cancers who are treated
with ICIs. A marked increase in reporting diabetes has also been
seen since 2017 by analyzing the World Health Organization’s
database of individual case safety reports (Wright et al., 2018).
These observations raised concern as to whether ICI treatments
could be associated with an increased risk of diabetes in patients
with cancer. However, there has been no report of a meta-
analysis of the incidence or risk of ICI-associated diabetes among
the different ICIs in different tumor subtypes.

Given the dramatic growth in the number of clinical trials
testing ICI agents and their clinical benefits in the increasing list
of cancer types and negative influence on life quality caused by
diabetes if not promptly recognized, we performed a meta-
analysis of randomized controlled trials (RCTs) with ICIs in
patients with cancer and evaluated the incidence and risks of
diabetes-related adverse events compared with placebo or
another therapeutic strategy.
METHODS

Search Strategy and Selection Criteria
Scientific literature searches were performed in three databases
(PubMed, EMBASE, and Cochrane Central Register of
Controlled Trials) from the inception of all searched databases
to March 2019. Relevant text words and medical subject headings
that consisted of terms including ‘phase’ and the individual drug
names (details in Supporting Information Table S1) were
searched. The search was limited to RCTs and English
language. We also performed a manual search using reference
lists from trials and review articles to identify any other relevant
data. The ClinicalTrials.gov website was searched for RCTs that
were labeled as ‘completed’ with available results. This meta-
analysis was performed in adherence with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines (Moher et al., 2009).

Study Selection
We included RCTs that were performed in adults with cancer and
compared ICI treatment to another treatment strategy. The
exclusion criteria were as follows: observational and retrospective
studies; studies published in a meeting abstract without published
full text original articles; quality of life studies; studies with only
Frontiers in Pharmacology | www.frontiersin.org 2122
pediatric patients; 10 or fewer patients in any group; single dosing;
cost effectiveness analyses; and those that could not assess the effect
of ICI, such as when the control group was a different dose of the
same ICI or another type of ICI. Two authors independently
screened all titles and abstracts (HM and JZ). Two of three
authors reviewed and discussed the potential full text. Any
disagreements were resolved by consensus with all three (JL, HM,
and JZ).

Data Extraction and Quality Assessment
Data from each study that met the inclusion criteria were
independently extracted by two of the three authors (JL, HM, and
YL). Any disagreement was resolved by consensus with all three.
The retrieved data included author name, year of publication, trial
characteristics (registry number, whether it was an international
study, countries involved, study sites, and study phase), patient
characteristics (sex, age, and performance status), the sizes of the
intervention and control groups, ICI treatment, dose, and the
outcomes of interest. We detected new-onset diabetes following
treatment with ICIs using the following terms: hyperglycemia,
diabetes mellitus (DM), type 2 diabetes (T2D), and type 1
diabetes (T1D). For data extracted from ClinicalTrials.gov,
adverse events were reported as either serious or other; for data
from published reports, we identified grades 3–5 as serious and
grades 1–2 as other, according toCommonTerminology ofClinical
Adverse Events categorization. If data were available for both
sources, we prioritized data from sources where the data were
more complete. If a published study did not report diabetes-related
adverse events, and the corresponding registry trial from
ClinicalTrials.gov reported did, we included the registry report.
For multiple reports of the same trial, only the most completely
reported data were used. The quality of the included studies was
independently assessed using the Cochrane Risk of Bias Tool. We
considered all trials at unclear risk of incomplete outcome data and
selective reporting bias as these studies were not designed primarily
to assess adverse events.

Data Synthesis and Analysis
The estimated event rates in the intervention group are calculated as
the total number of patients with a given adverse event divided by
the total number at risk. Datawere transformedusing the Freeman-
TukeyDouble Arcsine transformation to calculate event rates. This
statistical analyses were performed using R statistical software
(package meta, R Foundation). For risk outcome, we pooled trials
and calculated odds ratios (ORs) and their associated 95%
confidence intervals (CIs) in the intervention group compared
with the control group based on the number of patients with a
given adverse event and sample size. Given the low rates of adverse
events,weusedPeto’smethod topool effect estimates across studies.
The I² statistic and P value were used to examine heterogeneity
across trials for eachoutcome.An I² statistic of 0–25%, 26–75%, and
76–100% was regarded as indicating low, moderate, and high
heterogeneity, respectively. A P value of less than or equal to 0.05
was defined as significant heterogeneity. If a study included more
thanone interventiongroup (e.g. differentdosesordifferent typesof
ICI), we separately compared each intervention group with the
control group,where the numberof patients or events in the control
December 2019 | Volume 10 | Article 1453
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group would be doubled. Sensitivity analyses were performed
excluding an everolimus-controlled study, which was known to
cause diabetes-related adverse events, to understand the reasons for
the high likelihood of differences.We conducted subgroup analyses
to examine studies according to the type of control group
(chemotherapy vs. immunosuppressive drug vs. targeted therapy
vs. placebo), the mode of intervention treatment (monotherapy vs.
add-on therapy), and the type of ICI (PD-1 vs. PD-L1 vs. CTLA4 vs.
combination of ICIs). Evidence of publication bias was assessed
using Egger’s and Begg’s test in addition to funnel plots, and
significant publication bias defined as a P < 0.1. All statistical
analyses were conducted with STATA, version 15.
RESULTS

Study Search
Our search from the PubMed, EMBASE, and Cochrane Central
Register databases yielded a total of 8,596 potentially relevant
reports (Figure 1). After screening and eligibility assessment, we
retrieved 67 reports for full text screening. We also identified
117 reports with results from ClinicalTrial.gov. After our formal
search, three additional large clinical trials were published.
Frontiers in Pharmacology | www.frontiersin.org 3123
We therefore also included these three studies. After further
section, a total of 52 studies (7 from the trial registry and 45 from
journals) were eligible. The included articles were published
(online) between August 2010 and April 2019.

Study Characteristics
All studies except one (Chih-Hsin Yang et al., 2019) were
international multicenter studies. All studies were funded by the
pharmaceutical industry, with sample sizes of the ICI intervention
group ranging from12 to636patients. Twenty-twowere completed
in patients with non-small-cell lung cancer, eight in melanoma, six
in renal cell carcinoma, three in small-cell lung cancer, three in
gastric and gastro esophageal junction cancer, two inhead andneck
squamous cell carcinoma, two in urothelial cancer, two in prostate
cancer, two in breast cancer, one in colorectal cancer, and one in
mesothelioma. Among these, patients in the intervention arm
received nivolumab as monotherapy in ten studies,
pembrolizumab in seven studies, atezolizumab in five studies,
durvalumab in three studies, avelumab in one study,
tremelimumab in three studies, combination therapy with anti-
PD-1/PD-L1/CTLA-4 plus chemotherapy/radiotherapy in thirteen
studies, combination therapy with anti-PD-1/PD-L1 plus anti-
CTLA4 in three studies, combination therapy with anti-PD-1/
PD-L1/CTLA-4 plus targeted therapy in seven studies, and
combination therapy with ipilimumab plus vaccine in one study.
All studies except one (Kang et al., 2017) had adverse event data on
ClinicalTrials.gov. Key characteristics of these included trials are
shown in Table 1.

Quality of the Included Studies
Table S2 shows the risk of bias assessment of the included
studies for meta-analysis. All studies were RCTs with adequate
reported randomization, and all studies were funded by the
pharmaceutical industry with a high risk of sponsorship bias.
Of the 40 included studies for meta-analysis, 26 (65%) were open
labels with a high risk of blinding participants and personnel.
None of the included studies specifically stated blinded
assessment or collection of diabetes-related adverse events. We
classified all trials at unclear risk of incomplete outcome data and
selective reporting bias.

Incidence of Diabetes-Related Adverse
Events
Of the 52 clinical controlled trials assessing the effects of ICIs, 40
trials described ICI-associated diabetes events during the course
of study. Hyperglycemia events were described in 32 studies; 303
cases of all-grade hyperglycemia and 55 serious-grade
hyperglycemia events occurred in 10,393 patients. Pooling the
data showed that the rates of all-grade and serious-grade
hyperglycemia events were 2.26% (95% CI, 1.28 to 3.48) and
0.28% (95% CI, 0.16 to 0.42), respectively. The rates of
hyperglycemia events differed by the type of ICI and tumor. In
particular, patients treated with ICI combination therapy were
more likely to report hyperglycemia: 3.37% for all-grade
hyperglycemia events, 0.47% for serious-grade hyperglycemia.
Patients with RCC showed a trend toward higher rates of both
all-grade and serious-grade hyperglycemia, with rates of 6.82%
FIGURE 1 | Flow diagram of study selection.
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TABLE 1 | Characteristics of controlled trials of ICI treatment in patients.

f
ts

Age
Median
(range)

No (%)
Male

Tumor type

NR NR NSCLC

NR NR

NR NR
69

(47–86)
399 Prostate

cancer
67.5 (45–86) 400

61
(37–84)

151 (52) NSCLC

64
(21–85)

168 (58)

62
(39–85)

111 (82) NSCLC

64
(42–84)

97 (71)

51
(20–84)

296 (62) Melanoma

52
(18–78)

293 (62)

62
(23–88)

315 (77) RCC　

62
(18–86)

304 (74)

62
(15–87)

104 (58) Melanoma

60
(27–89)

109 (60)

63
(27–87)

114 (64)

64
(18–86)

121 (57.6) Melanoma

66
(26–87)

125 (60.1)

59
(23–88)

176 (65) Melanoma

62
(29–85)

85 (64)

62
(42–82)

93 (65) NSCLC

62
(36–84)

76 (53)
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NCT Author (year) International
study

No. of countries
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No. of
study sites

Phase Group type Drug Dose of ICI
(mg/kg)

No. o
patien

NCT00527735
(Reck et al., 2013)　

Yes 8 NR Phase 2 CTLA4 Ipilimumab
Paclitaxel/carboplatin

10 113

CTLA4 Ipilimumab
Paclitaxel/carboplatin

10 109

Control Paclitaxel/carboplatin / 109
NCT00861614
(Kwon et al., 2014)

Yes 26 191 Phase 3 CTLA4 Ipilimumab
Radiotherapy

10 399

Control Placebo radiotherapy / 400
NCT01673867
(Borghaei et al.,
2015)

Yes 22 NR Phase 3 PD-1 Nivolumab 3 292

Control Docetaxel / 290

NCT01642004
(Brahmer et al., 2015)

Yes 20 NR Phase 3 PD-1 Nivolumab 3 135

Control Docetaxel / 137

NCT00636168
(Eggermont
et al., 2015)

Yes 19 91 Phase 3 CTLA4 Ipilimumab 10 475

Placebo Placebo / 476

NCT01668784
(Motzer et al., 2015)

Yes 24 146 Phase 3 PD-1 Nivolumab 3 410

Control Everolimus / 411

NCT01704287
(Ribas et al., 2015)

Yes 12 73 Phase 2 PD-1 Pembrolizumab 2 180

PD-1 Pembrolizumab 10 181

Control Carboplatin/paclitaxel
Dacarbazine
Temozolomide

/ 179

NCT01721772
(Robert et al., 2015)

Yes 16 80 Phase 3 PD-1 Nivolumab 3 210

Control Dacarbazine / 208

NCT01721746
(Weber et al., 2015)

Yes 14 90 Phase 3 PD-1 Nivolumab 3 272

Control Dacarbazine/carboplatin/
paclitaxel

/ 133

NCT01903993
(Fehrenbacher et al.,
2016)

Yes 13 61 Phase 2 PD-L1 Atezolizumab 1,200 mg/dose 144

Control docetaxel / 143

124
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TABLE 1 | Continued

No. of
patients

Age
Median
(range)

No (%)
Male

Tumor type

240 59
(29–83)

197 (82.1) HNSCC

121 61
(28–78)

103 (85.1)

344 63
(56–69)

212 (62) NSCLC

346 63
(56–69)

213 (62)

343 62
(56–69)

209 (61)

60 62.5 (54–70) 22 (37) NSCLC

63 63.2 (58–70) 26 (41)
478 62

(39–85)
371 (66) SCLC　

476 63
(36–81)

326 (68)

154 64.5 (33–90) 92 (59.7) NSCLC

151 66
(38–85)

95 (62.9)

613 NR 378 (61.7) NSCLC

612 NR 379 (61.9)

476 64
(31–84)

334 (70.2) NSCLC

237 64
(23–90)

166 (70)

399 NR 100 Prostate
cancer

199 NR 100
270 67

(29–88)
200 (74.1) Urothelial

carcinoma

272 65
(26–84)

202 (74.3)

271 63
(32–89)

184 (68) NSCLC
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No. of countries
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No. of
study sites

Phase Group type Drug Dose of ICI
(mg/kg)

NCT02105636
(Ferris et al., 2016)

Yes 15 NR Phase 3 PD-1 Nivolumab 3

Control Cetuximab/
methotrexate/docetaxel

/

NCT01905657
(Herbst et al., 2016)

Yes 24 202 Phase 2/
3

PD-1 Pembrolizumab 2

PD-1 Pembrolizumab 10

Control Docetaxel /

NCT02039674
(Langer et al., 2016)

Yes 2 26 Phase 2 PD-1 Pembrolizumab
Carboplatin/pemetrexed

200 mg/dose

Control Carboplatin/pemetrexed /
NCT01450761
(Reck et al., 2016a)

Yes 34 224 Phase 3 CTLA4 Ipilimumab
Etoposide/cisplatin/
carboplatin

10

Control Placebo
Etoposide/cisplatin/
carboplatin

/

NCT02142738
(Reck et al., 2016b)

Yes 16 142 Phase 3 PD-1 Pembrolizumab 200 mg/dose

Control Paclitaxel/carboplatin/
pemetrexed/cisplatin/
gemcitabine

/

NCT02008227
(Rittmeyer et al.,
2017)

Yes 31 194 Phase 3 PD-L1 Atezolizumab 1,200 mg/dose

Control Docetaxel /

NCT02125461
(Antonia et al.,2017)

Yes 26 235 Phase 3 PD-L1 Durvalumab 10

Control Placebo /

NCT01057810
(Beer et al., 2017)

Yes 24 NR Phase 3 CTLA4 Ipilimumab 10

Control Placebo /
NCT02256436
(Rogers et al., 2017)

Yes 120 29 Phase 3 PD-1 Pembrolizumab 200 mg/dose

Control Paclitaxel/docetaxel/
vinflunine

/

NCT02041533
(Carbone et al.,
2017)

Yes 26 NR Phase 3 PD-1 Nivolumab 3

125
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TABLE 1 | Continued

No. of
patients

Age
Median
(range)

No (%)
Male

Tumor type

270 65
(29–87)

148 (55)

479 NR NR NSCLC

477 NR NR

330 62
(54–69)

229 (69) GEJ

163 61
(53–68)

119 (73)

382 66
(60–72)

283 (74.1) Mesothelioma

189 67
(61–73)

151 (79.9)

467 67
(33–88)

357 (76) Urothelial bladder

464 67
(31–84)

361 (78) cancer

396 64
(58–69)

269 (67.9) NSCLC

396 63
(57–69)

273 (68.9)

514 54
(19–88)

324 (63) Melanoma

505 54 (19–83) 304 (60.2)
410 65

(34–84)
254 (62) SCLC　

206 63.5 (34–84) 109 (52.9)
550 NR NR RCC　

546 NR NR
278 65

(29–87)
220 (79.1) NSCLC

281 65
(36–88)

235 (83.6)
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Phase Group type Drug Dose of ICI
(mg/kg)

Control Gemcitabine/cisplatin
Carboplatin/paclitaxel/
pemetrexed

/

NCT01285609
(Govindan et al.,
2017)

Yes 34 233 Phase 3 CTLA4 Ipilimumab
Paclitaxel/carboplatin

10

Control Placebo
Paclitaxel/carboplatin

/

NCT02267343
(Kang et al., 2017)

Yes 3 49 Phase 3 PD-1 Nivolumab 3

Control Placebo /

NCT01843374
(Llombart-Cussac
et al., 2017)

Yes 19 105 Phase
2b

CTLA4 Tremelimumab 10

Control Placebo /

NCT02302807
(Powles et al., 2018)

Yes 29 217 Phase 3 PD-L1 Atezolizumab 1,200 mg/dose

Control Vinflunine/paclitaxel/
docetaxel

/

NCT02395172
(Barlesi et al., 2018)

Yes 31 173 Phase 3 PD-L1 Avelumab 10

Control Docetaxel /

NCT02362594
(Eggermont et al.,
2018)

Yes 23 123 Phase 3 PD-1 Pembrolizumab 200 mg/dose

Control Placebo /
NCT02578680
(Gandhi et al., 2018)

Yes 16 126 Phase 3 PD-1 Pembrolizumab
Pemetrexed/cisplatin

200 mg/dose

Control Pemetrexed/cisplatin /
NCT02231749
(Motzer et al., 2018)

Yes 28 175 Phase 3 PD-1/CTLA4 Nivolumab
ipilimumab

3
1

Control sunitinib /
NCT02775435
(Paz-Ares et al.,
2018)

Yes 17 137 Phase 3 PD-1 Pembrolizumab
Paclitaxel/nab-paclitaxel/
carboplatin

200 mg/dose

Control Paclitaxel/Nab-paclitaxel/
Carboplatin

/

126
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TABLE 1 | Continued

of
nts

Age
Median
(range)

No (%)
Male

Tumor type

62.5 (54–70) 202 (68) GEJ　

60.0 (53–68) 208 (70)
60.0 (55–66) 207 (84) HNSCC

60.0 (54–66) 205 (83)

58
(51–67)

107 (58) Colorectal cancer

56
(51–64)

59 (66)

59
(52–66)

51 (57)

63
(56–69)

450 (71) NSCLC

63
(57–69)

452 (71)

60
(27–78)

236 (78) NSCLC

60
(38–78)

134 (81)

56
(41–78)

6 (50) NSCLC

65
(41–80)

4 (24)

NR NR GEJ　

NR NR
NR 74 (73.3) RCC　

NR 77 (74.8)

NR 79 (78.2)

NR NR NSCLC

NR NR

NR 42 (67.7) NSCLC

NR 115 (66.1)

NR 48 (75.0)

NR 73 (62.4)
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NCT Author (year) International
study

No. of countries
involved

No. of
study sites

Phase Group type Drug Dose of ICI
(mg/kg)

No.
patie

NCT02370498
(Shitara et al., 2018)

Yes 30 148 Phase 3 PD-1 Pembrolizumab 200 mg/dose 29

Control Pacitraxel / 29
NCT02252042
(Cohen et al., 2019)

Yes 20 97 Phase 3 PD-1 Pembrolizumab 200 mg/dose 24

Control Methotrexate Docetaxel/
cetuximab

/ 24

NCT02788279
(Eng et al., 2019)

Yes 11 73 Phase 3 PD-L1 Atezolizumab
Cobimetinib

840 mg/dose 18

PD-L1 Atezolizumab 1,200 mg/dose 90

Control Regorafenib / 90

NCT02220894
(Mok et al., 2019)

Yes 32 213 Phase 3 PD-1 Pembrolizumab 200 mg/dose 63

Control Platinum / 61

NCT02613507
(Wu et al., 2019)

Yes 3 32 Phase 3 PD-1 Nivolumab 3 33

Control Docetaxel / 16

NCT02454933
(Chih-Hsin Yang
et al., 2019)

No 1 1 Phase 3 PD-L1 Durvalumab
Osimertinib

10 mg/kg 12

Control Osimertinib / 17

NCT01585987
(Squibb, 2012)

Yes 12 NR Phase 2 CTLA4 Ipilimumab 10 mg/kg 57

Control Fluoropyrimidine / 57
NCT01984242
(Roche, 2014)

Yes 9 NR Phase 2 PD-L1 Atezolizumab
Bevacizumab

1,200 mg/dose 10

PD-L1 Atezolizumab 1,200 mg/dose 10

Control Sunitinib / 10

NCT02367781
(Roche, 2015b)

Yes 36 NR Phase 3 PD-L1 Atezolizumab
Nab-paclitaxel/
carboplatin

1,200 mg/dose 48

Control Nab-paclitaxel/
carboplatin

/ 24

NCT02352948
(AstraZeneca, 2015)

Yes NR 82 Phase 3
subA

PD-L1 Durvalumab 10 62

PD-L1/CTLA4 Durvalumab
Tremelimumab

20
1

17

Yes NR 143 Phase 3
subB

Control Eerlotinib/gemcitabine/
vinorelbine

/ 64

PD-L1 Durvalumab 10 11

127
6

6
7

8

3

6

5

8

6

1

3

1

3

0

4
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TABLE 1 | Continued

of
nts

Age
Median
(range)

No (%)
Male

Tumor type

NR 39 (65.0)
NR 81 (68.6)
NR NR RCC

NR NR

55.6a 247 (61.3) Melanoma

56.8a 81 (59.1)
57.4a 73 (53.7)
57.5a 152 (60.8) Melanoma

56.4a 149 (59.1)
NR NR NSCLC　

NR NR

NR NR
57a 190 (58) Melanoma

56a 182 (56)

NR NR PD-L1
expression≥1%

NSCLC
NR NR
NR NR
NR NR PD-L1 expression

NR NR <1% NSCLC　

NR NR
64 (28-90) 129 (64.2) SCLC　

64 (26-87) 132 (65.3)

55 (20-82) 3 (0.7) Breast cancer

56 (26-86) 1 (0.2)
63 (31-89) 240 (60.0) NSCLC

NR NR

63 (31-90) 239 (59.8)

62 (29-83) 316 (71.5) RCC
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NCT Author (year) International
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No. of countries
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No. of
study sites

Phase Group type Drug Dose of ICI
(mg/kg)

No.
patie

CTLA4 Tremelimumab 10 60
Control Gemcitabine/vinorelbine / 11

NCT02420821
(Roche, 2015a)

Yes 21 NR Phase 3 PD-L1 Atezolizumab
Bevacizumab

1,200 mg/dose 45

Control Sunitinib / 44

NCT00094653
(Hodi et al., 2010)

Yes 13 125 Phase 3 CTLA4 Ipilimumab
gp100

3 40

CTLA4 Ipilimumab 3 13
Control gp100 / 13

NCT00324155
(Robert et al., 2011)

Yes NR 25 Phase 3 CTLA4 Ipilimumab Dacarbazine 10 25

Control Dacarbazine / 25
(Lynch et al., 2012) Yes NR NR Phase 2 CTLA4 Ipilimumab

Paclitaxel/carboplatin
10 70

CTLA4 Ipilimumab
Paclitaxel/carboplatin

10 68

Control Paclitaxel/carboplatin / 66
NCT00257205
(Ribas et al., 2013)

Yes 24 114 Phase 3 CTLA4 Tremelimumab 15 32

Control Dacarbazine/
temozolomide

/ 32

NCT02477826
(Hellmann et al.,
2017)

Yes 36 NR Phase 3 PD-1/
CTLA4

Nivolumab/ipilimumab 3
1

39

PD-1 Nivolumab 240 mg/dose 39
Control Platinum / 39
PD-1/CTLA4 Nivolumab/ipilimumab 3

1
18

PD-1 Nivolumab 360 mg/dose 17
Control Platinum / 18

NCT02763579 (Horn
et al., 2018)

Yes 21 106 Phase 3 PD-L1 Atezolizumab
Carboplatin/etoposide

1,200 mg/dose 20

Control Carboplatin/etoposide / 20

NCT02425891
(Schmid et al., 2018)

Yes 41 246 Phase 3 PD-L1 Atezolizumab Nab-
paclitaxel

840 mg/dose 45

Control Placebo nab-paclitaxel / 45
NCT02366143
(Socinski et al., 2018)

Yes 26 240 Phase 3 PD-L1 Atezolizumab
Bevacizumab/
barboplatin/paclitaxel

1,200 mg/dose 40

PD-L1 Atezolizumab
Carboplatin/paclitaxel

1,200 mg/dose 40

Control Bevacizumab/
carboplatin/paclitaxel

/ 40

NCT02684006
(Motzer et al., 2019)

Yes 21 144 Phase 3 PD-L1 Avelumab
Axitinib

10 44

128
8
1

6

3

7
6
0

2

8

7

6

6
7
7

7
6
1

2

1

1
0

2

0
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and 0.66%, respectively. High dose of ICIs was not associated
with high rates of hyperglycemia events (Table 2).

Due to the smaller number of other ICI-associated diabetes
events, no statistical inferences of the rates were made. Overall,
13 cases of DM occurred in 5,655 patients (raw event rate 0.23%),
five cases of T2D occurred in 3,117 patients (raw event rate
0.16%), and 17 cases of all-grade T1D occurred in 3,899 patients
(raw event rate 0.44%), and 15 cases of serious-grade T1D events
occurred in 3,603 patients (raw event rate 0.42%).

Risk of Diabetes-Related Adverse Events
To assess the relative rate of ICI-associated diabetes compared
with those in control arms, we calculated the OR of developing
diabetes in the RCTs. Pooling the data of these studies showed
that patients treated with ICIs were at higher risk for serious-
grade hyperglycemia (OR 2.41, 95% CI 1.52 to 3.82, Figure 2),
DM (OR 3.54, 95% CI 1.32 to 9.51, Figure 3), all-grade T1D (OR
6.60, 95% CI 2.51 to 17.30, Figure S1), and serious-grade T1D
(OR 6.50, 95% CI 2.32 to 18.17, Figure 4) than those treated with
other regimens. ICIs showed a trend toward an increased risk of
all-grade hyperglycemia (OR 1.38, 95% CI 1.15 to 1.66, Figure
S2), but no increased risk of T2D (OR 0.92, 95% CI 0.24 to 3.52,
Figure S3). Excluding the study in which the control group was
everolimus, a drug known to cause diabetes, the risk of ICI-
associated diabetes events were also higher than the control: OR
4.42 for DM, OR 1.75 for all-grade hyperglycemia, OR 2.81 for
serious-grade hyperglycemia (Figures S4–S6).
TABLE 2 | Incidence of hyperglycemia events in patients treated with immune
checkpoint inhibitors. Values are percentages (95% confidence intervals).

Characteristic All-grade
hyperglycemia

Serious-grade
hyperglycemia

Total 2.26 (1.28, 3.48) 0.28 (0.16, 0.42)
ICI type
PD-1 inhibitors 4.86 (2.86, 7.32) 0.49

(0.26, 0.78)
PD-L1 inhibitors 0.81 (0.07, 2.06) \
CTLA-4 inhibitors 0.52 (0.09, 1.18) 0.06 (0.00, 0.28)
Combination therapy 3.37 (0.00, 21.49) 0.47 (0.00, 2.01)

Tumor type
NSCLC 2.54 (1.10, 4.43) 0.22

(0.06, 0.45)
Melanoma 1.75 (0.31, 4.15) 0.35

(0.09, 0.73)
RCC 6.82 (2.00, 14.05) 0.66 (0.27,

1.18)
Prostate cancer 0.12a 0.12a

Colorectal cancer 0.37a /
GEJ 0.57a 0.53a

HNSCC 5.42a 0.42a

Mesothelioma 0.52a 0.52a

SCLC 0.63a 0.63a

Dose
High dose 1.33 (0.27, 2.99) 0.22 (0.00, 0.80)
Normal dose 2.52 (1.32, 4.03) 0.28 (0.15, 0.44)
December 2019 | Volume
GEJ, gastric and gastroesophageal junction cancer; HNSCC, head and neck squamous
cell carcinoma; NSCLC, non-small-cell lung cancer; RCC, renal cell carcinoma; SCLC,
small-cell lung cancer.
High doses: including Ipilimumab 10 mg/kg and pembrolizumab 10 mg/kg.
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Subgroup analysis for these outcomes was stratification by the
type of control, the mode of treatment, and type of ICI.
Regarding the type of control, there were apparent differences
across subgroups for the risk of ICI-associated diabetes events.
Within the placebo-controlled group, ICIs were associated with a
higher risk in hyperglycemia (OR 5.81). Subgroup analysis based
on the mode of treatment (monotherapy vs. add-on therapy)
suggests that add-on therapy decreased the risk of ICI-associated
diabetes, with OR 1.77 for DM, 1.31 for serious-grade
hyperglycemia, 0.58 for T2D, and 5.83 for T1D (Figures S7–
S11). The subgroup analysis by the type of ICI suggests the risk
of these events was increased in the subset of trials in which anti-
PD-1 or anti-PD-L1 was combined with anti-CTLA-4, with OR
7.35 for DM, 2.51 for all-grade hyperglycemia, 4.18 for serious-
grade hyperglycemia (Figures S12–S17).

The funnel plot and statistical test showed no evidence of
publication bias for DM (Egger’s test P = 0.994), all-grade
hyperglycemia (Egger’s test P = 0.128), serious-grade
hyperglycemia (Egger’s test P = 0.325), T2D (Egger’s test P =
0.310), all-grade T1D (Egger’s test P = 0.300), and serious-grade
T1D (Egger’s test P = 0.334) (Table S3, Figures S18–S23). We
noted no heterogeneity in the effects of ICI on DM, serious-grade
hyperglycemia, T2D, all-grade T1D, and serious-grade T1D (I² =
0.0%). However, we noted substantial heterogeneity for the
outcome of all-grade hyperglycemia (I² = 88.2%), which was
considerably reduced in the analyses of data excluding the
everolimus-controlled study (I² = 8.0%).

DISCUSSION

We completed a systematic analysis of new-onset diabetes
following treatment with ICIs versus other therapeutic
Frontiers in Pharmacology | www.frontiersin.org 11131
regimens to further our understanding of the safety of these
agents. We used data from 40 RCTs that included 13,787 patients
treated with ICIs, and also extracted data from the
ClinicalTrials.gov results database to supplement the published
studies. To our knowledge, this is the largest and most
comprehensive meta-analysis on the incidence and risk of ICI-
associated diabetes events following the use of ICI regimens
published to date, although previous case series analyses showed
that there is an increased reporting of rapidly progressive ICI-
associated diabetes (Wright et al., 2018; Kotwal et al., 2019;
Perdigoto et al., 2019). This meta-analysis shows that the risk of
serious-grade hyperglycemia, DM, and T1D following ICIs is
significantly higher compared with patients treated with other
regimens, but provides no support that ICI treatment is
associated with an increased risk of all-grade of hyperglycemia.
Among patients on each different ICI regimens, patients on
combination therapy were more likely to develop hyperglycemia.

Although the incidence was low, T1D has emerged as the
highest risk associated with ICI therapy compared with other
diabetes-related adverse events. The pathogenesis of T1D in the
populations of patients receiving ICIs is not currently well
understood. Several case reports have shown that the presence
of autoantibodies before ICIs-based therapy might be at risk of
developing diabetes, particularly in treated with anti-PD-1/anti-
PD-L1 (Gauci et al., 2017; Usui et al., 2017; Way et al., 2017).
Further support for autoimmune-based mechanism has been
shown by Clotman et al. (2018), who overviewed the reported
cases and demonstrated that approximately half of the tested
cases of ICI-associated T1D had detectable diabetes-related
autoantibodies. Other studies have shown that anti-PD-1
resulted in a rapid progression of autoimmune diabetes in
patients with a high underlying genetic predisposition to T1D
FIGURE 4 | Risk of serious-grade type 1 diabetes following the use of ICIs versus control treatment, stratified by the type of control group.
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(Mellati et al., 2015), raising the concern for genetic factors as a
possible mechanism in patients with diabetes-prone HLA
genotypes. Similar to what has been described in humans, the
study demonstrated that PD-1 or PD-L1 blockade rapidly
precipitated diabetes in prediabetic nonobese diabetic (NOD)
mice (Ansari et al., 2003). Taken together, these studies reveal a
potential mechanism of ICI-associated T1D that involves in both
diabetes-related immunologic and genetic factors.

The subgroup analysis showed that the risk of ICI-associated
T1D was different among the different type of ICIs. One possible
explanation for this would be the mechanistic link to each target.
Unlike the PD-1 pathway, which modulates effector cells, CTLA-
4 functions in early immune responses during T cell priming and
activation (Topalian et al., 2016). As such, the distinct function of
the PD-1 and CTLA4 potentially contributed to different rates of
T1D following the use of ICIs. In NOD mice, CTLA-4 blockade
negatively physiologically regulated diabetes in only the early
stages of life compared with the PD-1 pathway (Ansari et al.,
2003). Additionally, there was strong PD-L1 expression in the
inflamed islets of NOD mice, which suggested that the PD-1-
mediated regulation of autoreactive immune cells played an
important role at the site of islet inflammation (Ansari et al.,
2003). However, this finding should be interpreted cautiously;
more data are needed for definitive conclusions given the low
absolute number of T1D in patients receiving ICIs.

ICIs plus conventional treatments have been tested in multiple
solid tumors, which achieved synergetic effects and overcame the
resistance to immunotherapy (Yanet al., 2018).Whenwecombined
all non-ICI therapy into one control category, the ICI-based
regimens substantially increased the risk of ICI-associated
diabetes compared with control group. However, this magnitude
was reducedwhen ICIs were used as an add-on therapy. The risk of
DM was 200% lower in the add-on therapy than in the ICI
monotherapy. There was also a substantial reduction (over 175%)
in ICI-associated serious-grade hyperglycemia in the setting of
conventional treatments. These results consistently suggested that
compared with ICI therapy, ICIs plus traditional therapy could
result in a decreased risk of diabetes-related adverse events.

We found little heterogeneity across studies for all results
except hyperglycemia, which strengthens the primary conclusion
that ICIs increased risks of diabetes events. A sensitivity analysis
identified that everolimus-based control group is responsible for
this heterogeneity. Everolimus is an mTOR inhibitor, which is
known to influence insulin signaling pathway in peripheral
tissues and insulin secretion in pancreatic b cells (Tuo and
Xiang, 2018). It has described that mTOR inhibitors resulted
in a 5-fold increase in the risk for severe hyperglycemia in
patients with cancer (Verges, 2018). Thus, when everolimus
was presented separately, the heterogeneity was reduced.

There are several limitations in the present study.We conducted
this analysis in study-level, rather than individual patient data. It is
not possible to assess potential risk factors that are associated with
higher risk of new-onset diabetes, due to the lack of detailed clinical
data such as sex, diabetes-prone HLA genotypes, presence of
autoantibodies, and islet function in patients receiving ICIs
therapy. Secondly, subgroup effects could not be evaluated when
Frontiers in Pharmacology | www.frontiersin.org 12132
there were less than two trials in each subgroup, which could not
allow assessing whether the rates of ICI-associated diabetes are
varied based on the type of tumor and the dose of ICIs. Our results
showed that high dose of ICIs did not contribute to high rates of
hyperglycemia events, while the type of tumor showed association
of treatment effects. However, regarding other diabetes symptoms,
we pooled data across studies together, which might result in the
missed difference in dose-dependent and tumor-dependent effect
on the risk for these adverse events. Thirdly, whether the increased
risk of hyperglycemic events were caused, at least partly, by the use
of corticosteroids for the management of irAEs is unclear.
Moreover, the results of the present analysis are unable to address
potential associations between the incidence of new-onset diabetes
and other irAEs in the individual-level. Lastly, only very recent
publications have noted T1D after ICI therapy; our study therefore
may have underestimated the prevalence of ICI-associated diabetes
with only a focus on clinical trials. As emerging case reports that
described new-onset diabetes were seen in clinical practice (Hughes
et al., 2015; Martin-Liberal et al., 2015; Wright et al., 2018), these
adverse events may become more accurately diagnosed and
recorded in future trials.

In summary, the use of ICIs compared with placebo or other
treatment strategies was associated with an increased risk of new-
onset diabetes, especially autoimmune diabetes, although the
overall event rates remained low. In contrast, compared with the
control group, the risk of T2D was not increased. As the
widespread awareness of these events increases, additional
large, well-designed randomized trials are needed to
definitively determine the risks of new-onset diabetes following
the use of ICIs.
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Objective: Combination therapy with programmed cell death protein-1 (PD-1) and

programmed cell death ligand-1 (PD-L1) inhibitors might be viewed as a promising

therapeutic strategy for resistant lung cancer, and it is becoming common that a second

PD-1/PD-L1 inhibitor might be used following progression on previous PD-1/PD-L1

inhibitor. However, a subgroup of patients will experience various autoimmune toxicities,

termed as immune-related adverse events (irAEs), that occur as a result of on-target and

off-tumor inflammation.

Materials and Methods: In this report, we presented a patient with small cell lung

cancer who received different PD-1/PD-L1 inhibitors during the course of disease

progression. This patient experienced radiation-related pneumonitis, immune-related

pneumonitis, as well as concomitant bacterial pneumonia.

Results: In particular, this patient developed immune-related pneumonitis with a second

PD-1 inhibitor when she had a progressive disease on previous PD-L1 inhibitor. This

patient was initially responsive to steroid treatment, but rapidly develop more severe

pneumonitis and concomitant bacterial pneumonia with no response to antibiotics

and steroid treatment. Finally, this patient got a good clinical response when receiving

additional immunosuppressive medications infliximab and mycophenolate mofetil.

Conclusions: Patients with a history of radiation-induced pneumonitis and treated with

sequential different PD-1/PD-L1 inhibitors have a relative high risk to develop high-grade

or steroid-resistant pneumonitis, and additional immunosuppressive medications should

be used earlier when severe pulmonary toxicity occurs.

Keywords: immune-related adverse event, programmed cell death 1 inhibitor, programmed cell death ligand 1,

pneumonitis, immune checkpoint inhibitor
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Liang et al. Severe Pneumonitis With Immunotherapy

INTRODUCTION

Immune checkpoint inhibitors works by disrupting the PD-1 and
PD-L1 direct interactions in the tumor microenvironment (1, 2).
In clinical practice, anti-PD-1/PD-L1 antibodies have resulted in
durable tumor remission and changed the treatment landscape
in a variety of advanced cancers including small cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC). Several PD-
1 inhibitors (nivolumab, pembrolizumab, and avelumab) and
PD-L1 inhibitors (atezolizumab and durvalumab) have been
approved by US Food and Drug Administration (FDA) for
treating multiple human solid tumors, based on improvements
in survival outcomes.

Unlike cytotoxic chemotherapy, PD-1/PD-L1 inhibitors are
usually manifested as tolerable agents, but 10–15% patients
will develop grade 3–5 toxicity in non-target organs known
as immune-related adverse events (irAEs) (3). Of these irAEs,
pulmonary toxicity is one of the most dangerous side effects
of PD-1/PD-L1 inhibitors, with a frequency of 5–10% in
patients with lung cancer (4, 5). Pneumonitis associated with
immunotherapy are generally uncommon but potentially fatal
or life-threating (6). Generally, pneumonitis is more frequent in
patients treated with anti-PD-1/PD-L1 antibodies compared to
anti-CTLA-4 antibodies (7, 8), and more PD-1/PD-L1 inhibitor-
related pneumonitis is observed in patients with lung cancer
than those with melanoma (8). At present, combination therapy
with PD-1/D-L1 inhibitors and other therapies is developing as
a promising therapeutic strategy for advanced or metastatic lung
cancer, and it is also becoming common that a second PD-1/PD-
L1 inhibitor might be used following the disease progression on
previous PD-1/PD-L1 inhibitor (9). These therapeutic strategies
increase the frequency of an occurrence of irAEs including
pneumonitis. Patients with pneumonitis related to PD-1/PD-L1
inhibitors may present clinically with drug cough, dyspnea, fever
and chest pain, but radiologic findings often are non-specific (4,
5). Published guidelines or consensus can help clinically diagnose
and manage irAEs, but general recommendations procedures are
insufficient to resolve or relieve severe or complexed pulmonary
toxicity (10–12). Here, we report a case with severe and rapidly
developed reoccurred pneumonitis that occurred in the course of
sequential use of PD-L1/PD-L1 inhibitors (Figure 1).

CASE PRESENTATION

In April 2018, a 44 year old woman was admitted to our hospital.
She was initially diagnosed with localized SCLC (T2N1M0)
through fiberoptic bronchoscopy in a local hospital. She did not
experience other causes of obstructive lung disease, autoimmune
disease, organ transplant, smoke inhalation, or medications.

Abbreviations: ALK, Anaplastic lymphoma kinase translocations; CT,

Computerized tomography; CTLA-4, Cytotoxic T-lymphocyte-associated protein

4; EGFR, Endothelial growth factor receptor; FDA, United States Food and

Drug Administration; irAEs, Immune-related adverse events; IVIG, Intravenous

immunoglobulin; NCCN, National Comprehensive Cancer Network; NSCLC,

Non-small cell lung cancer; PD-1, Programmed cell death protein-1; PD-L1,

Programmed death ligand-1; SCLC, Small cell lung cancer; SVCS, Superior vena

cava obstruction syndrome.

Molecular mutation analysis showed that the tumor did
not harbor any driver gene alterations. Immunohistochemical
staining of tumor tissue showed that PD-L1 expression was
found in <1% of tumor cells. The tumor was located in right
hilum of the right lung with multiple mediastinum lymph
node metastasis. This patient received 2 cycles of first-line
chemotherapy of etoposide (100 mg/m2 days 1–3, every 3 weeks)
and cisplatin (100 mg/m2 every 3 weeks). Unfortunately, she
subsequently presented with aggravated dry cough and dyspnea.
Tumor regrowth in mediastinum lymph nodes was observed,
and a diagnosis of superior vena cava obstruction syndrome
(SVCS) was made. In June 2018, she was administrated with
thoracic radiotherapy followed by two cycles of chemotherapy
with irinotecan (120 mg/m2 days 1, 8, every 3 weeks) and
carboplatin (area under the curve of 5 mg/ml/min, every 3
weeks) as a second-line treatment and symptoms were improved
significantly. In September 2018, this patient experienced dry
cough and shortness of breath again. At that time, a computed
tomography (CT) scan of the chest was performed and revealed
new patchy ground-grass opacities in bilateral lobes of the lung,
and small right pleural effusions, without new pulmonary tumor
lesions (Figure 2A). She was not found to be hypoxic. Bacterial
pneumonia was excluded through negative blood and sputum
culture, and progressive disease was not confirmed through
fiberoptic bronchoscopy. Based on her clinical presentations
and radiotherapy history, radiation-induced pneumonitis was
diagnosed, and she initiated systematic steroid treatment and
reported symptomatic improvement gradually (Figures 2B,C).

In January 2019, this patient had an extensive disease
progression, including multiple bone and supraclavicular
lymph node metastases. Third-line nab-paclitaxel chemotherapy
(200mg days 1, 8, every 3 weeks) was started, but her tumor was
not responsive to this regimen. She switched to an anti-PD-L1
antibody atezolizumab (1,200mg every 3 weeks) therapy and
local radiotherapy on lymph nodes and bone was subsequently
planed and completed. In June 2019, after receiving her six
cycles of immunotherapy with atezolizumab, this patient
developed new liver and brain metastases. At that time a flat
dose of nivolumab 240mg every 2 weeks was started, along with
further local treatment with liver and brain lesions. Just 1 week
later, she experienced slight dry cough and acute new-onset
fever without shortness of breath. A CT scan showed new
patchy ground-grass opacities in the lung bilaterally, with a
small right pleural effusion that was not present 1 month ago
(Figures 3A,B). Blood and sputum culture did not reveal any
causative microbial organism, and she was thought to develop
immunotherapy-related pneumonitis, of grade 2 severity.

She received intravenous methylprednisolone (2 mg/kg every
day for 5 days) and sequent treatment and inflammation was
improved on day 15 (Figure 3C). But on day 24, she was
presented with reoccurred fever, aggressive cough and dyspnea
on exertion, with a low oxygen saturation of 88%. An additional
CT scan showed obvious reoccurred pneumonitis of the bilateral
lungs, of grade 3 severity (Figure 3D). After multidisciplinary
discussion, high-dose intravenousmethylprednisolone treatment
(2 mg/kg every day) restarted but this did not alleviate
her symptoms within 5 days, with a low oxygen saturation
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FIGURE 1 | Time axis of anti-tumor treatment and intervention on pneumonitis. Line graph illustrating disease progression, anti-tumor therapy, pneumonitis and

intervention from April 2018 to August 2019. IVIG, Intravenous immunoglobulin; SVCS, Superior vena cava obstruction syndrome.

FIGURE 2 | Radiation-induced pneumonitis. (A) After receiving three-dimensional thoracic radiotherapy, a CT scan showed new patchy opacity developed in the

irradiated area of hilum of the right lung, which did not occur outside the irradiated area. (B) This patient initiated steroid treatment, pneumonitis was partially resolved

within 1 month, with a significantly clinical improvement. (C) Pulmonary inflammation disappeared 2 months later. White arrow indicates inflammatory lesions.

of 84–88%. At that time, she was firstly diagnosed with
concomitant bacterial pneumonia with Klebsiella pneumoniae,
but the use of specific antibiotics did not improve her symptoms
(Figure 3E). She was continuously treated with steroid and
received immunosuppressive agents including infliximab (5
mg/kg), mycophenolate mofetil (1 g twice every day), as well
as intravenous immunoglobulin (IVIG; 2 g/kg every day for 5
days). After treatment with combination immunosuppression,
fever, dry cough and dyspnea on exertion were relieved
significantly and oxygen saturation returned to a normal level,
with a significant radiographic improvement of pulmonary
inflammation (Figure 3F). Unfortunately, subsequent CT scan
demonstrated progressive disease in the liver.

DISCUSSION

Generally, both diagnosis and therapy are challengeable in
identifying and managing cancer patients who may be potential
PD-1/PD-L1 inhibitor-related pneumonitis. Pneumonitis can
develop at any time before or after initiation of anti-PD-1/PD-L1
therapy in patients with metastatic lung cancer. Pulmonary
toxicitymay be a radiation recall limited to previously areas of the
lung where radiation was applied. Radiation-induced lung injury
including pneumonitis and fibrosis may present within several

months or years following radiation therapy (13). Furthermore,
unusual opportunistic infections including pneumonia can
develop in patients with prolonged immune suppression which is
used to treat irAEs (14, 15). Data from a single institution showed
that serious infections occurred in 7.3% of advanced melanoma
patients who received ipilimumab, either alone or in combination
with nivolumab. The most common opportunistic infections
were bacterial infection, others were viral, fungal, and parasitic
(14). Thus, immune-related pneumonitis is viewed as a diagnosis
of exclusion, and other completing causes for similar clinical
presentation should be considered or excluded, including lung

infection progressive disease in the lungs. Sometimes immune-
related pneumonitis could present with concurrent infection

and/or disease progression, which presents as a complication in
clinical practice. In fact, preexisting pulmonary damage from

inflammation, radiation, idiopathic pulmonary diseases, previous

use of taxanes, gemcitabine and tyrosine kinase inhibitors, as well
as increased tumor burden may increase the risk of developing

immune-related pneumonitis (4, 5).
Currently, combination therapy strategies have been

developed to improve PD-1 blockade efficacy in various tumor
types. These include combinations with checkpoint inhibitors,
radiation therapy, chemotherapy, small molecular inhibitors and
several other existing cancer treatments (7, 9). It is becoming
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FIGURE 3 | Immune-related pneumonitis. (A) A CT scan showed no any inflammatory lesions in the lungs following the treatment with first PD-L1 inhibitor

atezolizumab. (B) Nivolumab was started when this patient progressed on atezolizumab treatment. A CT scan indicated new patchy ground-grass opacities in the

bilateral lungs, with a small left pleural effusion. Immune-related pneumonitis was identified when blood and sputum culture did not reveal a causative microbial

organism. (C) After treatment with corticosteroid for 1 week, this patient’s symptom improved significantly, with a radiologic complete resolution of the ground-glass

opacities and the pleural effusion. (D) Ten days later, a CT scan showed reoccurred pneumonitis, of grade 3 severity. (E) High-dose intravenous corticosteroid therapy

did not alleviate her symptoms within 5 days, with worsening radiographic findings. (F) After she received immunosuppressive agents including infliximab,

mycophenolate mofetil and human immunoglobulin, fever, dry cough, and dyspnea were relieved significantly, with a significant improvement of pulmonary

inflammation. White arrow indicates inflammatory lesions.

common that a second PD-1/PD-L1 inhibitor might be used
following disease progression on previous PD-1/PD-L1 inhibitor.
However, PD-1/PD-L1-based combination therapy leads to
relatively high incidence of treatment-related adverse events.
For example, the combination of osimertinib and durvalumab
was associated with high incidence of interstitial lung disease
(38%), leading to termination of further patient enrollment
(16). Even severe irAEs also occurred frequently in endothelial
growth factor receptor (EGFR)-mutant NSCLC patients who
received sequential PD-1/PD-L1 inhibition and osimertinib
treatment (17). In CheckMate 370 trial, 38% of anaplastic
lymphoma kinase translocation (ALK)-positive NSCLC patients
treated with nivolumab plus crizotinib developed severe hepatic
toxicities, leading to the discontinuation of the combination and
enrollment was closed earlier (18). An anti-CTLA-4 antibody
in combination with an anti-PD-1 antibody increases both
incidence and severity of irAEs. The overall incidence of
pneumonitis for patients with anti-PD-1/PD-L1 combination
therapy is 6.6% compared to 1.6% for those with monotherapy
(5). These toxicities including fatal side effects also tend to be
present earlier in the course of combination immunotherapy
treatment and evolve rapidly compared with immune checkpoint
inhibitor alone. The median time to the onset of fatal toxic event
is about 14.5 days for patients with combination immune
checkpoint therapy, compared to about 40 days for those
treated with monotherapies (19). Although recurrent irAEs

are mild and manageable, and a subgroup of patients were
responsive to retreatment with previous immunotherapy, it
remains unclear whether it is safe and efficacious when a
patient switches to a different PD-1/PD-L1 inhibitor because
of progression on the treatment with previous PD-1/PD-L1
inhibitor (Table 1) (22–24).

In our case, this patient developed serious interstitial lung
disease after sequential use of atezolizumab and nivolumab.
To the best of our knowledge, this is the first case report
involving immune-related pulmonary toxicity due to sequential
therapy with different PD-1/PD-L1 inhibitors. Another
similar case report mentioned that severe pneumonitis and
myocarditis were identified in a patient with lung squamous cell
carcinoma who received nivolumab followed by atezolizumab
monotherapy treatment (21). Furthermore, although retreatment
is plausible rationale and there are several ongoing trials that
allow prior treatment with a PD-1/PDL1 inhibitor, there
is insufficient clinical data to support the treatment with
another PD-1/PD-L1 inhibitor after progression on previous
PD-1 pathway blockade (20). Therefore, caution is needed in
patients receiving combinational or sequential application of
PD-1/PD-L1 inhibitors. Although the mechanism of action
underlying sequential use of PD-L1/PD-1 inhibitor remains
unknown, syngeneic tumor-bearing mice model suggested that
combination of anti-PD-1 and anti-PD-L1, either sequentially or
simultaneously administered, caused fulminant cardiotoxicity,
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Conclusions: This meta-analysis demonstrated that, compared with ICI monotherapy,
patients receiving ICI combination therapy significantly increased organ-specific IRAEs in
colitis, hypothyroidism, hepatitis, hypophysitis, hyperthyroidism, and pneumonitis. The
incidence and severity of organ-specific IRAEs were drug and dose independent.
Keywords: immune checkpoint inhibitor, combination immunotherapy, organ specific, adverse events,
meta-analysis
INTRODUCTION

Immune checkpoint inhibitors (ICI) have shown remarkable
efficacy in the therapy of multiple cancers, such as non-small cell
lung carcinoma, renal cell carcinoma, head and neck squamous
cell carcinoma, and melanoma (Mellman et al., 2011; Luke et al.,
2017; Proto et al., 2019). The most widely used ICIs include
cytotoxic T lymphocyte-associated protein 4 (CTLA4) and
programmed death-1/ligand-1 (PD-1/PD-L1) inhibitors. These
inhibitors block the agent interaction with the key immune
regulatory pathways, thereby increasing the antitumor
immunity (Johnson et al., 2017). Representative drugs of
CTLA-4 (ipilimumab), PD-1 (nivolumab, pembrolizumab),
and PD-L1 (avelumab, atezolizumab, and durvalumab) have
been approved by the Food and Drug Administration (FDA)
for malignant tumors.

In recent years, the combined use of PD-1 and CTLA-4
inhibitors has attracted increasing attention for the promising
efficacy in the treatment of advanced melanoma, lung cancer,
and sarcoma (Larkin et al., 2015; D’angelo et al., 2018; Hellmann
et al., 2018a; Hellmann et al., 2018b). In patients with advanced
melanoma, combination therapy with nivolumab and
ipilimumab had significantly improved clinical outcomes with
prolonged progression-free survival (PFS) and higher objective
response rate (ORR) compared with ipilimumab alone (Postow
et al., 2015; Hodi et al., 2016). Four clinical trials (CheckMate
012/032/227/568) demonstrated a durable response associated
with ICI combination therapy among patients with lung cancer
(Antonia et al., 2016; Hellmann et al., 2017; Hellmann et al.,
2018b; Ready et al., 2019). Although ICI combination has
become a significant breakthrough in cancer therapeutics, their
use was associated with toxic effects resulting from unbalanced
activation of the immune system. To distinguish from other
treatment-related side effects, these toxic effects caused by
immune activation were specifically termed as immune-related
adverse events (IRAEs) (Postow et al., 2018).

IRAEs may occur in almost any organ, such as the colon,
lungs, liver, muscle, and thyroid. According to the published
study (Baxi et al., 2018), IRAEs were classified into three
categories: organ-specific IRAEs (colitis, hepatitis, pnemonitis,
etc.), general IRAEs (fatigue, diarrhea, and rash) and
musculoskeletal IRAEs (arthritis, arthralgia, back pain, etc.).
They demonstrated that the general adverse events are more
prevalent, but the organ-specific IRAEs are more clinically
important. Yang et al. (Yang et al., 2019) also suggested that
oncologists should focus on the organ-specific IRAEs, which are
more meaningful in clinical practice. Therefore, the organ-
in.org 2143
specific adverse event has been a new challenge in the
treatment of cancers (Baxi et al., 2018; Martins et al., 2019).

Currently, although several meta-analysis have evaluated the
efficacy and safety of ICIs (Wang et al., 2017; Barroso-Sousa
et al., 2018; Ma et al., 2018; Wang et al., 2018; You et al., 2018),
most studies included chemotherapy as the control group for the
analysis, and few studies specifically assessed the safety of ICIs. A
published meta-analysis by Wang et al. in 2018 reported fatal
toxic effects associated with ICIs. They demonstrated that the
organ-specific IRAEs were the most common causes for death:
colitis for CTLA-4 (70%, 135/193 deaths), pneumonitis (35%,
115/333 deaths) for PD-1 or PD-L1 inhibitors, and colitis (37%,
32/87) for the combination PD-1 and CTLA-4 (Baxi et al., 2018).
However, they failed to provide the detailed data about the
incidences of low-grade and high-grade adverse events.

A comprehensive understanding of the epidemiology of the
organ-specific IRAEs is essential for clinicians to balance the
benefits and risks of ICI combination during cancer treatment
(Martins et al., 2019). Therefore, we conducted this meta-
analysis based on randomized controlled trials (RCTs) aiming
to compare the organ-specific IRAEs of ICI monotherapy versus
combination therapy among cancer patients.
MATERIALS AND METHODS

This study was performed based on the preferred reporting items
for systematic reviews and meta-analyses (PRISMA) statement.

Inclusion and Exclusion Criteria
The following inclusion criteria were used in this study: (1). types
of included studies: randomized controlled trials (RCTs); (2).
types of participants: patients over 18 years of age diagnosed with
malignancies regardless of region, racial, and gender; (3).
interventions: patients received the intervention treatment of
either ICI monotherapy or combined therapy with CTLA-4/PD-
1/PD-L1 antibodies; (4). types of outcomes: colitis, pneumonitis,
hepatitis, hypothyroidism, hyperthyroidism, and hypophysitis.
The severity of adverse events were graded according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events version (CTCAE) 4.0, and grade ≥3 were
evaluated as high grade or severe grade.

The exclusion criteria were: (1). types of studies: ongoing
trials, quasi-RCT, non-RCT, reviews, commentaries, conference
paper, and quality of life studies; (2) interventions: patients
treated with placebo, chemotherapy, or chemotherapy
plus immunotherapy.
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Zihan Yan 1,2, Jie Wang 1,2, Hongyuan Xu 1,2, Shuo Wang 1,2, Jiangfei Wang 1,2*, Dexi Chen 3*,
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The tumor immune microenvironment (TIME) plays a pivotal role in tumor development,

progression, and prognosis. However, the characteristics of the TIME in diffuse

astrocytoma (DA) are still unclear. Leveraging mass cytometry with a panel of 33

markers, we analyzed the infiltrating immune cells from 10 DA and 4 oligodendroglioma

(OG) tissues and provided a single cell-resolution landscape of the intricate immune

microenvironment. Our study profiled the composition of the TIME in DA and confirmed

the presence of immune cells, such as glioma-associated microglia/macrophages

(GAMs), CD8+ T cells, CD4+ T cells, regulatory T cells (Tregs), and natural killer

cells. Increased percentages of PD-1+ CD8+ T cells, TIM-3+ CD4+ T cell

subpopulations, Tregs and pro-tumor phenotype GAMs substantially contribute to

the local immunosuppressive microenvironment in DA. DAs and OGs share similar

compositions in terms of immune cells, while GAMs in DA exhibit more inhibitory

characteristics than those in OG.

Keywords: diffuse astrocytoma, oligodendroglioma, CyTOF, immune profiling, microenvironment

INTRODUCTION

Diffuse astrocytomas (DAs) account for 10% of all adult primary brain tumors (1). They are
diffusely infiltrating World Health Organization (WHO) grade II brain neoplasms, and DA
patients have a median survival in the range of 5–7 years (2). Even with a combination of
available therapeutic modalities, including surgery, radiotherapy, and chemotherapy, the invasive
growth and resistance to therapy exhibited by these tumors result in their recurrence, malignant
transformation, and almost invariable progression to high-grade glioma in most patients (3). These
challenges underscore the need for novel strategies to improve the outcomes of patients with
low-grade glioma (LGG) (4).

Immunotherapy is an emerging breakthrough approach that promises the possibility of highly
specific and less toxic treatment compared to conventional chemotherapy (5); this approach aims
to induce an adaptive immune response that specifically targets and kills tumor cells without
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affecting normal cells. Thanks to advances in the fields
of neuro- and cancer-immunology, a wide range of
immunotherapies for WHO grade IV glioblastoma are now
undergoing development, including antibodies, adoptive
cell transfers, vaccines, virally-based treatments and
immune checkpoint blockade (6–9). However, the efficacy
of immunotherapy for the treatment of DAs is still controversial.

The infiltration of diverse immune cell populations has been
reported in various cancer types, and the cooperation between
tumor cells and tumor-infiltrating immune cells drives tumor
development (10). Glioma cells secrete numerous cytokines,
chemokines, and growth factors that promote the infiltration
of a range of immune cells, such as resident microglia,
peripheral macrophages, CD4+ T cells, CD8+ T cells, and
regulatory T (Treg) cells, into the tumor (11–13), and these non-
neoplastic cells play crucial roles in cancer growth, metastasis,
and response to treatment. Therefore, sound knowledge of
the immune microenvironment of DA will aid the design
of effective therapeutic strategies and provide a foundation
for the success of immunotherapy (14). In previous studies,
histopathological analysis, immunohistochemistry, and flow
cytometry were utilized to reveal the immunological features of
the glioma immune microenvironment (15, 16). To the best of
our knowledge, immune changes in themicroenvironment of DA
have rarely been reported, and a comprehensive understanding of
the phenotypic characterization of immune cells in the DA tumor
microenvironment at the protein level is highly needed.

To this end, we utilized mass cytometry (CyTOF) to examine
the TIME of DAs and paired peripheral blood mononuclear cells
(PBMCs). We also collected specimens of oligodendroglioma
(OG) to compare the TIME in DAs and OGs. CyTOF enables
the simultaneous measurement of more than 30 parameters
per single cell using metal isotope-conjugated antibodies
with minimal overlap, which maximizes the information
obtained from each individual sample (17). By addressing the
cellular and molecular complexity of the immunosuppressive
microenvironment, our data provide a detailed dissection of
the DA immune cell types and reveal immunosuppressive
changes in glioma-associated microglia/macrophages (GAMs)
and T cell exhaustion in DA lesions. Our data show that
immunosuppressive programs are present in early stages in
LGG and likely compromise antitumor immunity. Our study
suggests that neoadjuvant immunotherapy strategies targeting
innate immune cells in DA lesions have the potential to
reactivate the TIME and transform the tumor response to affect
checkpoint blockade.

MATERIALS AND METHODS

Human Specimens
Blood and LGG tissues were obtained from patients with WHO
grade II DA and OG undergoing craniotomy surgery at Beijing
Tiantan Hospital (Beijing, China) from June 2018 to April 2019.
All patients were diagnosed with WHO grade II diffuse DA
or OG, which was confirmed by histopathology. None of the
patients used glucocorticoids before sampling.

Ethics Approval and Consent to Participate
This study was approved by the Institutional Review Board
and Ethics Committee of Beijing Tiantan Hospital, Capital
Medical University. Written informed consent was obtained
from each patient.

Glioma Tissue Single Cell Dissociation
DA or OG tissues were washed with ice-cold Dulbecco’s
phosphate-buffered saline (DPBS, without Mg2+ and Ca2+,
catalog no. D8537, Sigma-Aldrich) immediately after surgery.
Briefly, the DA or OG tissues were dissociated using type
IV collagenase (catalog no. 17104019, GIBCO) for 10min at
37◦C. Then, the samples were washed with Dulbecco’s modified
Eagle medium (DMEM, catalog no. D5796, Sigma-Aldrich) and
centrifuged at 300 g for 4min at 18◦C with minimal braking. The
samples were then filtered through a 40mm cell strainer with
DPBS and washed with red blood cell (RBC) lysis buffer (catalog
no. 555899, BD Biosciences). The dissociated cell suspension was
then washed twice with DPBS. The cell pellet was resuspended
in staining buffer (DPBS containing 5% fetal bovine serum, FBS;
catalog no. 0500, ScienCell).

Blood Sample Single Cell Dissociation
Fresh blood samples were collected into
ethylenediaminetetraacetic acid (EDTA) anticoagulation tubes
and then centrifuged at 800 g for 5min with minimal braking
to remove the plasma. Then, the samples were transferred into
SepMate PBMC isolation tubes containing Ficoll (catalog no.
86450, STEMCELL Technologies) and centrifuged at 1,200 g for
10min with minimal braking. The cells were washed with RBC
lysis buffer. Then, the cells were washed twice with DPBS and
resuspended in staining buffer.

Mass Cytometry
A panel of 33 antibodies designed to distinguish a broad range
of immunocytes was used. Antibodies were either purchased
in a pre-conjugated form from Fluidigm or purchased in a
purified form from Biolegend and conjugated in-house using
the Maxpar R© X8 Multimetal Labeling Kit (catalog no. 201300,
Fluidigm) according to the manufacturer’s recommendations.
The antibodies and reporter isotopes are listed in Table S1.
Briefly, the cell samples were rewarmed rapidly. Cells from
glioma tissue were stained with anti-CD45 antibody conjugated
with 156Gd, while cells from PBMCs were first stained with anti-
CD45 antibody conjugated with 89Y. Then, glioma and PBMC
cells were mixed together and stained with cell surface antibodies
for 30min at room temperature. Subsequently, the samples were
permeabilized overnight at 4◦C and stained with intracellular
antibodies for 30min at room temperature. The antibody-labeled
samples were washed and incubated in 0.125 nM intercalator-Ir
(catalog no. 201192B, Fluidigm) diluted in phosphate-buffered
saline (PBS, catalog no. 806544, Sigma-Aldrich) containing 2%
formaldehyde and stored at 4◦C until CyTOF examination.
Before acquisition, the samples were washed with deionized
water and then resuspended at a concentration of 1 × 106

cells/mL in deionized water containing a 1:20 dilution of EQ Four
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Element Beads (catalog no. 201078, Fluidigm). The samples were
then examined by mass cytometry (Fluidigm).

CyTOF Data Analysis
Data were obtained as.fcs files. The addition of EQ Four Element
Beads allowed us to use a MATLAB-based normalization
technique utilizing bead intensities as previously described
(18). The CyTOF data were analyzed with Cytobank (www.
cytobank.org). The cell types were identified based on the
following parameters: T cells, CD45+ CD3+; natural killer
(NK) cells, CD45+ CD3-CD16+ CD56+ (10, 19); B cells,
CD45+ CD19+; monocytes, CD45+ CD14+ CD16+ (20);
macrophages or microglial cells, CD45+ CD11b+ CD3-CD19-
CD66b- (15); Tregs, CD45+ CD4+ CD25+ CD127- (21), and
granulocytes, CD45+ CD66b+. Monocytes and macrophages
constitute mononuclear phagocytes (22). Manual gating was
applied to indicate the cell types as previously reported (23).
ViSNE (24) algorithms were used on the indicated gated cells.
The viSNE analysis of T cells or GAMs was performed for
patients with samples with more than 500 cell counts for
both PBMCs and tumor lesions. Then, the automatic cluster
gate functionality was used for the hierarchical cluster analysis.
Heatmaps were generated by R software (version 3.4.0).

Heatmap Data Normalization
For Figures 3D, 4C, the log10-scaled values were used.

For Figures 3E,F, we calculated the ratio of the value of each
T cell cytokine or marker to that of the paired PBMC T cells in
each patient and then calculated the log10-scaled ratio to obtain
the normalized values.

Immunohistochemistry and
Immunofluorescence
DA samples were fixed overnight at 4◦C in 4% formalin
and embedded in paraffin blocks to obtain paraffin sections.
Immunohistochemical staining was performed as previously
reported (25). For immunofluorescence, 3µm paraffin sections
were washed twice in PBS (catalog no. 806544, Sigma-Aldrich)
for 15min, permeabilized in 0.2–0.5% Triton X-100 (catalog
no. T8200-100, Solarbio) and blocked in 5% normal donkey
serum (catalog no. 017-000-001, Jackson Lab) for 1 h and
stained with primary antibody overnight. The primary antibodies
were detected using fluorescent-conjugated secondary antibodies
(catalog no. PV-6000, ZSGB-BIO). Sections were mounted with
fluorescence mounting medium (catalog no. S3023, Dako). As
previously reported (26), the Opal 4-Color Manual IHC Kit
(catalog no. NEL810001KT, Perkin Elmer) was used for the
analysis of the formalin-fixed paraffin-embedded DA sections
according to the manufacturer’s protocol. Fluorescent images
were acquired with a Zeiss LSM880 NLO microscope. The
primary antibodies were anti-CD45 (catalog no. AB40763,
Abcam), anti-CD11b (catalog no. 21851-1-AP, Proteintech),
anti-TNFα (catalog no. 60291-1-Ig, Proteintech), and anti-IDO
(catalog no. 86630S, CST).

TABLE 1 | Basic characteristics of all patients.

No. Histopathology Age Gender IDH1 IDH2 1p19q TERT promoter

0759 DA 39 Male Mut Wt Noncodel Wt

0884 DA 41 Male Mut Wt Noncodel Wt

1827 DA 52 Female Mut Wt Noncodel C228T

8974 DA 67 Female Mut Wt Noncodel C250T

9144 DA 38 Male Mut Wt Noncodel C250T

9852 DA 38 Female Wt Wt Noncodel Wt

1837 DA 36 Male Mut Wt Noncodel Wt

5189 DA 34 Male Mut Wt Noncodel Wt

5749 DA 52 Female Mut Wt Noncodel Wt

7684 DA 28 Male Mut Wt Noncodel Wt

9203 OG 36 Male Mut Wt Codel Wt

7541 OG 49 Male Wt Wt Codel C250T

2948 OG 30 Male Mut Wt Codel C228T

5749 OG 52 Female Mut Wt Codel Wt

DA, diffuse astrocytoma; OG, oligodendroglioma; IDH, isocitrate dehydrogenase; TERT,

telomerase reverse transcriptase; Wt, wild type; Mut, mutation, Codel, codeletion.

Statistics
For the CyTOF experiments, 10 DA samples and paired PBMCs
and 4 OG samples were analyzed. The Wilcoxon matched-pair
signed rank test and Mann–Whitney test were used accordingly
to analyze the statistical significance. The statistical analysis was
performed using GraphPad Prism (version 7.00). P < 0.05 were
considered statistically significant.

Data Availability
The raw CyTOF data used and analyzed in the current
study are available from the corresponding author upon
reasonable request.

RESULTS

Single-Cell Profiling of the Diffuse
Astrocytoma Immune Microenvironment
We obtained 10 WHO grade II DAs and paired peripheral
blood samples as well as 4 OG tumor tissues. The baseline
characteristics of all patients are summarized in Table 1.

We simultaneously mapped the immune compartments of
DA, OG lesions, and PBMCs (Figure 1A). The initial gating
strategies used for CD45+ cells are provided in Figure 1B,
and the gating strategies used for the indicated immune
cells are summarized in Table S2. The ViSNE map of CD45
+ cells collected from all DA samples showed differential
abundances of infiltrating immune cell populations in the DA
immune microenvironment compared to those in peripheral
blood (Figure 1C).

Mononuclear Phagocytes and T Cells
Dominate the Diffuse Astrocytoma Immune
Microenvironment
We analyzed the distributions of the different immune cell
lineages that accumulated in DAs and paired PBMCs in
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FIGURE 1 | Analysis of the immunosuppressive microenvironment of DA using mass cytometry. (A) Schematic defining the immune composition of DAs and OGs.

Glioma tissues and paired PBMC samples were collected from patients. Samples were processed and stained with antibodies conjugated to metal isotopes. CyTOF

single cell data were used to identify the immune features of patients. (B) All ungated events were sequentially gated in Cytobank to identify CD45+ cells. (a) EQ3

beads and EQ4 beads were used to identify cells. (b) Single living cells were identified by gating the cells negative for 195Pt and positive for 193Ir. (c) CD45+ cells

from LGG PBMCs were obtained from living single cells. (C) ViSNE plots of complete immune systems according to the relative expression of CyTOF markers in all

samples. The cell populations are also indicated (left). Five hundred immune cells per sample were included in the viSNE analysis.

patients. The most abundant immune cells in the DA immune
microenvironment were mononuclear phagocytes (70.02%) and
T lymphocytes (20.86%). Compared with that in PBMCs,

the proportion of mononuclear phagocytes was significantly
increased in DAs (p < 0.01), while the proportions of T
cells and B cells were significantly decreased (p < 0.01),
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FIGURE 2 | Immunosuppressive changes in the DA microenvironment. (A) Composition of the CD45+ compartment showing the average frequencies of the major

immune lineages in each tissue. (B) Bar plots showing the frequencies for each DA patient and paired PBMC sample (by Wilcoxon matched-pair signed rank test). Bar

plots show the mean with the SEM (NS, no significance; **p < 0.01).

and the proportions of NK cells and granulocytes were
similar (Figures 2A,B).

T Cells Are Exhausted, and Tregs Are
Increased in the Diffuse Astrocytoma
Immune Microenvironment
Compared with that in PBMCs, the percentage of CD4+ T
cells (p < 0.01) was decreased, while that of CD8 + T cells
(p< 0.01) was increased in DAs. Specifically, the Treg proportion
in the DA lesions was significantly increased in all patients (p
< 0.05) (Figure 3A). Programmed cell death protein 1 (PD-1)-,
T cell immunoglobulin domain and mucin domain-3 (TIM-3)-
or lymphocyte activation gene 3 (LAG-3)-positive T cells are
recognized as exhausted subsets (27–29). Compared to those in
PBMCs, the proportions of TIM-3+CD4+ T cells (p< 0.05) and
PD-1+CD8+T cells (p< 0.01) were remarkably higher in tumor
sites (Figure 3A).

The dimensionality reduction tool viSNE (24) was employed
to convert the high-dimensional CyTOF data from each sample
into a two-dimensional map. Among the 10 DA patients, four
patients had more than 500 T cells in both the tumor lesions and
the PBMCs, and viSNE analysis was performed for these patients.
In the viSNE map, T cells in tumor sites displayed similar
distributions to those in PBMCs (Figure 3B). A hierarchical
cluster analysis of the T cells using the automatic cluster gate
functionality was performed to fully capture the heterogeneity
of the T cell compartment. According to the surface markers,
the T cells were subdivided into 16 subgroups (Figure 3C). The
expression profiles of the T cell clusters were visualized in a
heatmap (Figure 3D). This approach led to the identification
of seven CD4+ phenotypes, seven CD8+ phenotypes and two
CD4+/CD8+ double-negative phenotypes.

Although the CD8+ T cell proportion was elevated in tumor
sites, their ability to secrete the antitumor cytokines interferon
γ (IFNγ), tumor necrosis factor β (TNFβ), T-bet and granzyme
B was reduced compared to that of the CD8+ T cells in the
PBMCs, while PD-1 was more frequently expressed on CD8+ T

cells in PBMCs (Figure 3E). Compared to those on CD4+ T cells
in PBMCs, the expression levels of antitumor (TNFβ, T-bet, and
granzyme B) and protumor (PD-1 and IL-10) markers on CD4+
T cells in tumor sites were commonly higher (Figure 3F).

Glioma-Associated
Microglia/Macrophages Were Clearly
Distinguishable From Mononuclear
Phagocytes in PBMCs
Previous studies showed the extensive infiltration of gliomas
with peripheral macrophages and resident microglia (30), which
are collectively termed GAMs. In the current study, GAMs
were the most enriched population in DA lesions. Five patients
had more than 500 GAM cells or mononuclear phagocytes
in both tumor sites and PBMCs, and viSNE analysis was
performed on these cells. The ViSNE plot showed that GAMs
were clearly distinguishable from mononuclear phagocytes in
PBMCs (Figure 4A). According to the surface markers, GAMs or
mononuclear phagocytes could be subdivided into 17 subgroups,
with 6 subgroups mainly resident in DA lesions, 8 subgroups
mainly resident in PBMCs, and 3 existing in both tumor sites and
PBMCs (Figure 4B). The expression profiles of the GAM clusters
were visualized in a heatmap (Figure 4C).

The viSNE map showed the elevated expression of both
the anti-tumor marker tumor necrosis factor α (TNFα) and
the pro-tumor markers transforming growth factor β (TGFβ),
vascular endothelial growth factor (VEGF), programmed death-
ligand 1 (PD-L1), CD206, indoleamine-pyrrole 2,3-dioxygenase
(IDO), and IL10 in GAMs compared with those in mononuclear
phagocytes in PBMCs (Figure 4D). A subgroup of GAMs
represented in cluster M-8, which mainly existed in DA lesions,
displayed high levels of VEGF and PD-L1 expression. GAMsmay
promote T cell apoptosis through expressing PD-L1 (31, 32). By
secreting VEGF, GAMs might differentiate into a pro-angiogenic
and immunosuppressive phenotype (26). Meanwhile, certain
GAM subgroups (M-7) could coexpress antitumor (TNFα) and
protumor (IDO and PD-L1) markers.
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FIGURE 3 | Exhausted T cell compartment in DA lesions. (A) Bar plots showing the frequencies of T cell subgroups in tumor sites and PBMCs from patients with DA

(by Wilcoxon matched-pair signed rank test). Bar plots show the mean with the SEM (NS, no significance; *p < 0.05, **p < 0.01). (B) ViSNE map, colored by sample

type (left) or sample source (right), displaying T cell subgroups in 4 patients. (C) ViSNE map, colored by clusters, displaying T cell subgroups in 4 patients.

(D) Heatmap showing the normalized expression of the indicated markers for 16 T cell clusters identified in the 4 patients. (E,F) Heatmap showing relative marker

expression levels in four DA patients. The relative marker expression levels were determined by the ratios of the indicated marker expression levels of T cells in tumor

sites to those in PBMCs.
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FIGURE 4 | Characterization of GAM phenotypes in DA. (A) ViSNE map, colored by sample type (left) or sample source (right), displaying GAM subgroups in five

patients. (B) ViSNE map, colored by clusters, displaying the GAM subgroup distribution in DA lesions and PBMCs. (C) Heatmap showing the normalized expression

(Continued)
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FIGURE 4 | of the indicated markers for 17 GAM clusters identified in five patients. (D) Normalized expression of the indicated markers on the viSNE map. Bar plots

show significant differences in the expression levels of the indicated markers between PBMCs and DA lesions (by the Mann–Whitney test). Bar plots show the mean

with the SEM (**p < 0.01; ****p < 0.0001; NS, no significance). (E) Representative DA tissue stained for CD11b (green), CD45 (red), IDO (cyan), and TNFα (blue).

Costaining of CD45 and CD11b (upper) indicated that most CD45+ immunocytes in DA were CD11b+ cells. Costaining of CD11b, IDO, and TNFα (lower)

demonstrated that GAMs could coexpress TNFα and IDO (arrows).

FIGURE 5 | Cytolytic NK cells are dysregulated at the tumor site. Bar plots showing CXCR4, granzyme B, and IFNγ expression in NK cells from patients with DA and

paired PBMCs (by the Wilcoxon matched-pair signed rank test). Bar plots show the mean with the SEM (*p < 0.05; **p < 0.01; NS, no significance).

We revealed mononuclear macrophage infiltration in DA
lesions using immunohistochemical and immunofluorescence
costaining and verified the finding that antitumor (TNFα) and
protumor (IDO) markers were coexpressed in certain GAM
subgroups (Figure 4E).

Natural Killer Cells Are Not Cytolytic in
Diffuse Astrocytoma Lesions
NK cell proportions were not significantly increased at the tumor
site compared with those in the peripheral blood of patients,
although the NK cells that infiltrated into the tumor lesions
expressed higher levels of CXCR3 (p < 0.01) (Figure 5), which
is a molecule reported to be required for NK cell infiltration (33).
Moreover, the NK cells that remained at the tumor site showed
lower levels of cytolytic activity, as these cells expressed similar
levels of IFNγ and lower levels of granzyme B compared to those
in peripheral blood (Figure 5).

The Tumor Immune Microenvironment of
Diffuse Astrocytoma Exhibits More
Inhibitory Characteristics Than That of
Oligodendroglioma
The composition of immune cell subsets was similar in the
DAs and OGs (Figures 6A,B). The proportions of the T cell
subpopulations in DAs and OGs were also similar, and T cells
in DAs and OGs demonstrated comparable exhaustion trends
(Figure 6C). The pro-tumor markers TGFβ and VEGF were
more strongly expressed by GAMs in DAs than in OGs, while
IL10, PD-L1, CD206, and IDOwere similarly expressed by GAMs
in DA and OGs (Figure 6D).

DISCUSSION

The TIME in DAs plays essential roles in tumor development,
progression, and prognosis. Comprehensive profiling of the

intricate milieu and its interactions remains lacking, and single-
cell technologies such as CyTOF provide unique opportunities
for this task. Utilizing the CyTOF approach, we analyzed the
infiltrating immune cells from DA surgical tissues based on
a panel of 33 markers and provided a single cell-resolution
overview of the intricate DA immune microenvironment. Our
study characterized the TIME in DAs, which is composed of a
variety of immune cells, such as GAMs, CD8+ T cells, CD4+
T cells, Tregs, and NK cells. The enrichment of exhausted
T cell subpopulations, recruitment of Tregs, and the strong
pro-tumor phenotype of GAMs together contribute to the
immunosuppressive microenvironment in DAs. DAs and OGs
have been shown to share similar components and distributions
of immune cells. However, the GAMs of DAs exhibit more
inhibitory characteristics than those of OGs.

Historically, the central nervous system has been defined
as “immunologically privileged” (34) and has been considered
distinct relative to other organs due to the presence of the
blood-brain barrier (BBB), which prevents the migration of
immunocytes and cytokines into the brain (35). In LGG, the
normal vascularization and the function of the BBB remain
mostly intact and resemble that under normal conditions (36). In
our study, the most abundant immune cells in DA were GAMs
(70.02%) and T lymphocytes (20.86%). Compared with their
counterparts in the paired PBMCs, the proportion of GAMs was
significantly increased in DA lesions, while the proportions of T
cells and B cells were significantly decreased, and the proportions
of NK cells and granulocytes were similar. Our data suggest that
although the BBB in DA lesions is fairly intact, certain immune
cell populations can migrate across the BBB and infiltrate into
the tumor, which might make them an adequate substrate for
immunological antitumor therapies.

Inhibitory immune checkpoints are responsible for the
dampening of antitumor immune functions (37). The
development of immune checkpoint blockade therapies,
including anti-PD-1 and anti-CTLA4 therapies, has provided
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FIGURE 6 | The TIME of DA shows more inhibitory characteristics than that of OG. (A) The frequencies of DA and OG immunocytes. Composition of the CD45+

compartment showing the average frequencies of the major immune lineages in each tissue. (B) Bar plots showing the frequencies for each DA patient and OG

patient (by the Mann–Whitney test). Bar plots show the mean with the SEM (NS, no significance). (C) Bar plots showing the frequencies of T cell subgroups in DA and

OG (by the Mann–Whitney test). Bar plots show the mean with the SEM (NS, no significance). (D) Bar plots of pro-tumor marker expression in GAMs in DA and OG

(by the Mann–Whitney test). Bar plots show the mean with the SEM (*p < 0.05; **p < 0.01; NS, no significance).
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new avenues for cancer treatment (38). Our results demonstrated
that in the DA immune microenvironment, CD8+ T cell
populations are highly enriched but express higher levels of
PD-1 than those in the blood, and the expression level of
antitumor-related factors is generally reduced. The increase in
the quantity of exhausted CD8+ T cells in DA indicates that
checkpoint blockade approaches that promote the antitumor
effects of these immune cells may benefit immunotherapy of DA.

With the 2016 update of the WHO classification of tumors
of the central nervous system (39), WHO grade II DA and OG
tumors have been subcategorized according to distinct molecular
markers. Patients with WHO grade II DAs and OGs were found
to have statistically significant differences in progression-free
survival (PFS), with OG patients having a statistically better
PFS than DA patients (40). Little is known about how the
microenvironment differs between DAs and OGs. Our study
found that the immune cell composition of DA and OG was
similar, and T cells in both diseases showed similar exhaustion
characteristics. However, GAMs inDAs expressed higher levels of
VEGF and TGFβ and exhibited more adverse immune-inhibitory
characteristics than OGs.

Finally, while our study has presented useful resources and
novel insights into the cellular composition and functions of the
TIME in DAs, a limited number of cases have been collected
in this pilot study. Future validation in a larger collection
of patients would further support our conclusions and better
characterize the prognostic values of immune components
for DA.
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Combined inhibition of programmed death-ligand 1 (PD-L1) and transforming growth

factor-β (TGF-β) displayed additive anti-tumor response in a subgroup of cancer

patients, highlighting the importance of understanding the multifaceted roles of TGF-β

in immunity and fibrosis. In the present research, we show that TGF-β signaling pathway,

controlled by miR-20a-5p and transforming growth factor-β receptor 2 (TGFBR2), alters

the inflammation and fibrosis processes in liver. We performed integrated analysis

of differently expressed miRNA (DEM) associated with liver fibrosis and screened

miR-20a-5p out as a key regulator in inflammation-driven liver fibrosis. We subsequently

conducted Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment

analysis of the genes targeted by miR-20a-5p. And the result showed that 12

target genes were significantly enriched in TGF-β signaling pathway. Further study

showed that miR-20a-5p was down-regulated and involved in inflammation during liver

fibrosis in human and mouse samples, indicating that miR-20a-5p and inflammation

are functionally linked during liver fibrosis progression. To uncover the underlying

pro-inflammatory mechanism of miR-20a-5p in liver fibrosis, we selected and verified

TGFBR2, which is a key functional receptor in TGF-β signaling pathway, as a direct

target gene of miR-20a-5p. The downregulation of miR-20a-5p in liver fibrosis resulted in

TGFBR2-activated TGF-β signaling pathway, followed by the activation of macrophage

and extracellular matrix (ECM) production by hepatic stellate cell (HSC). Our results

identify the miR-20a-5p/TGFBR2 axis as a key regulator of TGF-β signaling, and highlight

the critical role of miR-20a-5p in the development of liver fibrosis.

Keywords: miR-20a-5p, liver fibrosis, TGF-β signaling pathway, inflammation, TGFBR2

INTRODUCTION

Therapeutic antibodies against the programmed death-1 (PD-1)/programmed death-ligand 1
(PD-L1) axis has been approved to treat multiple tumors, but only not effective in all patients (1). It
is well-known that transforming growth factor-β (TGF-β) is of importance in resistance to immune
checkpoints inhibitors. Recently, M7824 (MSB0011359C), a bifunctional fusion therapeutic
antibody against human PD-L1 fused to the extracellular domain of human transforming
growth factor-β receptor 2 (TGFBR2) showed enhanced preclinical antitumor activity through
simultaneously blocking the PD-L1 and TGF-β signaling pathways (2, 3). These results prompt
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us to understanding the multifaceted roles of TGF-β signaling
pathway in immunity and fibrosis. Liver fibrosis is an essential
pathological process that may deteriorate into liver cirrhosis
and liver cancer, making it one of the leading causes for
the high mortality and morbidity around the globe (4).
Regardless of origins and etiologies, liver fibrosis developed from
viral infection, alcohol, non-alcoholic steatohepatitis (NASH),
and autoimmune diseases, featuring chronic, and pathological
process (5). Relying on the studies of underlying liver injury,
several evidences highlighted the important role of immune
reactions (6). Liver cell damage tends to induce the secretion
of pro-inflammatory factors, such as tumor necrosis factor-α
(TNF-α), tumor necrosis factor-β (TNF-β), nuclear factor kappa-
B (NF-κB), Interleukins (ILs), which sequentially stimulate the
infiltration of inflammatory cells (7). Subsequently, excessive
infiltration of inflammatory cells would render the liver more
vulnerable to damage by preying upon liver cells and thus
initiating fibrogenesis. An in-depth understanding about the
underlying mechanism of liver fibrosis is the cornerstone to
research the effective therapies for chronic liver diseases.

MicroRNAs (miRNAs) are endogenous, small non-coding
RNA molecules that play essential part in various biological
functions and numerous processes, such as immune response,
cell proliferation, and apoptosis, through the post-transcriptional
regulation of gene expression in cells (8). Increasing evidence
indicated that aberrant expression of miRNAs are closely related
to numerous types of cancer, as well as liver fibrosis (8–12). It’s
frequently reported that miRNA expression level in the serums
or liver tissues of liver fibrosis patients is dominantly changed
(13–15). Normally, miRNAs exacerbates liver fibrogenesis by
incomplete matches with their host genes that are related to
hepatic stellate cells (HSCs) activation, immune cell sensitization,
as well as hepatocytes apoptosis (16, 17).

In our study, we demonstrated that the level of inflammatory
cytokines in serum was upregulated in CCl4-treated mice,
suggesting that inflammation is accompanied by liver fibrosis.
Many previous studies reported that miRNAs drove liver
fibrogenesis by regulating inflammation response.We performed
integrated analysis of differently expressed miRNA (DEM)
associated with liver fibrosis and screened miR-20a-5p out
as a key regulator in inflammation-drove liver fibrosis. We
subsequently conducted Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of the genes
targeting by miR-20a-5p. The result showed that 12 target genes
were significantly enriched in TGF-β signaling pathway, which
participated in the development of liver fibrosis. Further study
indicated that miR-20a-5p was down-regulated and related to
inflammation during liver fibrosis in human and mouse samples,
indicating that miR-20a-5p and inflammation are functionally
linked during liver fibrosis progression. To reveal the pro-
inflammatory mechanism of miR-20a-5p in liver fibrosis, we
selected and verified TGFBR2, a key functional receptor in
TGF-β signaling pathway and a target gene of miR-20a-5p.
The downregulation of miR-20a-5p in liver fibrosis resulted
in TGFBR2-activated TGF-β signaling pathway, followed by
the activation of macrophage and extracellular matrix (ECM)
production by HSC. Our results highlight a critical function

of miR-20a-5p in the development of liver fibrosis, and the
reintroduction of miR-20a-5p provides a promising therapeutic
strategy for clinical intervention of liver fibrosis.

MATERIALS AND METHODS

Patients and Animal Model
Liver fibrosis specimens have been collected from 26 patients
who were seeking treatment in our hospital and from 19
patients with liver diseases, except liver fibrosis. The published
and well-acknowledged clinical guidelines were applied as the
clinical diagnostic criteria for liver fibrosis. Written informed
consent was obtained from the participants of this study and all
participants were above 16 years old (Table S1).

CCl4-induced liver fibrosis mouse model was established
by conducting intraperitoneal injection of carbon tetrachloride
(CCl4; 0.6 mL/Kg body weight) in 8-week-old mice twice a week.
The intraperitoneal injection lasted for 8 weeks. Male C57BL/6
mice were obtained from Shanghai SLAC Laboratory Animal Co.,
Ltd. All animals were treated humanely according to protocols
approved by the Fudan University Committee on Animal Care
and Use.

Cell Lines and Cell Transfection
Immortalized mouse hepatocyte cell lines Hepa1-6 and
macrophage cell line Raw264.7 were obtained from the Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). Cells were grown in DMEM
supplemented with 10% fetal bovine serum, 2mM L-glutamine,
and 100 units/ml penicillin/streptomycin. The miRNA mimics
and negative control were transfected into Hepa1-6 cell line
by using LipofectamineTM 2000, in strict accordance with the
manufacturer’s instruction.

Quantitative-PCR (qPCR) Analysis
Total RNAs were extracted from Hepa1-6 cell line and liver
fibrosis specimens using Trizol (Invitrogen, CA, USA) and all
total Nucleic Acid Isolation Kit (Ambion Inc., USA), following
the manufacturer’s instruction. miRNAs primers for reverse
transcription were purchased from Huada Co. Ltd (Beijing,
China). The experiment was performed three times using SYBR
Premix Ex Taq (cat#RR420A, TaKaRa, Japan) to quantify the
mean values of delta Ct and SD (standard deviation). miRNA
expression level was normalized to the relative quantities of U6 to
investigate fold change. The primers used for miRNA andmRNA
quantification were listed in Table S2.

FACS
Flow cytometry assay (using BD LSR Fortessa II) was carried out
on hepatic non-parenchymal cells which are composed of the
total profile of hepatic leukocyte population. The experiments
were performed as published (18). The following pre-conjugated
antibodies were used: CD11B (552850, BD bioscience), CD45
(553083, BD bioscience). Briefly, Hepatic macrophages were
defined as viable CD45+ CD11B+ F4/80+ cells from digested
livers and used to identify macrophage subsets. Subsets were
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expressed as proportions of total hepatic macrophages or CD45+
cells. And we collected 10,000 cells every time.

Immunohistochemistry (IHC),
Immunofluorescence (IF), and Western
Blotting (WB)
Human and mouse liver tissues were processed for IHC,
IF, and WB. Antibodies used in the present study are α-
SMA (19245, CST), DESMIN (5332, CST), TGFBR2 (ab186838,
abcam), p-Smad2 (18338T, CST), p-Smad3 (9520, CST), GAPDH
(30201ES20; Yishen). Images were acquired using Olympus
FV1000 confocal system with a 10X objective. The fluorescence
was imaged using 552 nm/408 nm for mCherry /DAPI.

ELISA
Mouse IL-6 (VAL604, R&D), TNF-α (VAL609, R&D), Mouse IL-
18 (7625, R&D) ELISA kits were used following the directions of
the manufacturer. Conditioned medium (100 µl) was collected
from triplicate samples.

Cell Viability Analysis
Cell viability was monitored using the Cell Counting Kit 8
(CCK8) method. Cells were inoculated onto a 96-well plate. Each
well-contained 10,000 cells, and 6 repeats were used for every
treatment. After 24 h, cellular proliferation was detected using
a cell counting kit-8 (CCK-8, Yisheng). The effect on Hapa1-6
proliferation was evaluated by analyzing EC50 curves according
to absorbance of cells (OD450).

Determination of the Levels of miRNAs
Related to Liver Fibrosis
The microarray file of liver miRNomes GSE40744 obtained
from GEO database (http://www.ncbi.nlm.nih.gov/geo/) was
referred to investigate miRNAs expression levels in our collected
human fibrotic liver tissues and healthy controls. This miRNA
microarray based on the platform of GPL14613 (Affymetrix
microarray chip platforms) contained 18 fibrotic liver samples
and 19 normal liver samples. GEO2R (19) is an interactive
online tool and often used for gene expression analysis of
microarray data through the GEO query and limma packages
(20) available in R. The protocol was performed to investigate
DEMs between normal, mild fibrotic, and advanced fibrotic liver
samples. Adjusted p value of no >0.05 in combination with a
|log2 (fold change) | of >1 were set as the threshold for the
identification of DEMs.

Prediction of Target Genes
The potential target genes of miR-20a-5p were analyzed by
miRDB (21), TargetScan (22), and miRTarBase (23). The
genes predicted by miRDB, TargetScan, and miRTarBase
simultaneously were identified as the targets of DEM.

Functional Enrichment Analysis and
miRNA-gene Network Construction
The database that can be used for annotating, visualizing
and integrated discovering of the predicted genes (DAVID
6.8, https://david.ncifcrf.gov/) was applied in performing the

KEGG pathway enrichment analysis (24, 25). FDR of <0.05 was
considered as statistically significant.

The target genes enriched in KEGG pathways were mapped
to the STRING database (https://string-db.org/) to evaluation
the intricate functional associations amongst target genes (26),
and the miRNA-gene network was constructed and visualized by
Cytoscape software (Version 3.6.0).

Luciferase Activity Analysis
The partial sequences of TGFBR2 3′UTR which contained the
wild or mutant binding sites of miR-20a-5p were amplified and
then cloned into the pGL3-Basic luciferase vector (Promega,
W.I.) with the aim of constructing pGl3-TGFBR2 (WT) and
pGl3-TGFBR2 (Mut). Primers used in plasmid construction
were as follows: forward 5′-CAGGCTGGGCCATGTCCAAA-
3′ and reverse 5′-GTCAAATGCTAATGCTGRCATG-3′. The
two plasmids were, respectively, co-transfected with miR-
NC, miR-20a-5p mimic, anti-miR-NC, and anti-miR-20a-5p
(Genomeditech). Forty eight hours later, the luciferase activity
analysis was conducted on the Dual-Luciferase Reporter assay
system (Promega,W.I.), in strict accordance with the instructions
of the manufacturer.

Statistical Analysis
The data of the present study were presented in the form of mean
± SD (standard deviation). Unpaired/paired Student’s t-test was
used to analyze the significance of miRNA diversity between the
two groups. A P value of<0.05 (two-tailed) was set as a threshold
to distinguish statistically significant difference. Linear regression
was performed using Graphpad Prism 7 (GraphPad Software
Lnc, USA).

RESULTS

Inflammation Is Accompanied by Liver
Fibrosis
CCl4-induced liver injury in mice is a most commonly used
animal model of liver fibrosis that features hepatocyte injury and
the activation of HSCs. In our study, 16 eight-week-old mice
were randomly divided into two groups. The CCl4 group was
conducted intraperitoneal injection of oil-dissolved CCl4 twice
a week, and the oil group was set as control. We first used
immunofluorescence, RT-PCR, and ELISA to characterize the
pathological features. The macroscopic appearance of the liver
revealed almost significant amount of collagen accumulation
in the CCl4 treatment groups after 8 weeks, whereas the
oil group was still normal (Figures 1A,B). Immunochemical
staining exhibited that the α-SMA and DESMIN increased
with liver fibrosis progression and other fibrosis-related genes
were also remarkably enhanced (Figure 1C). Subsequently, the
markers of liver injury in the serum were measured, along with
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) levels, given that AST and ALT are expected to abundantly
distribute in injured hepatocytes and that the excessive release
of these two enzymes into the serum can indicate the degree
of hepatocyte injury. As illustrated in Figure 1C, AST and
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FIGURE 1 | Inflammation is accompanied by liver fibrosis. (A) Macroscopic analyses of the murine liver fibrosis model in C57BL/6 mice by 8 week of two times per

week i.p. CCl4 injection. Comparisons were made with control (injured oil) animals. (B) Histological characterization of hepatic fibrosis and myofibroblast activation by

α-SMA and DESMIN immunohistochemistry. (C) Serum ALT and AST levels and other fibrosis protein levels (n = 10). (D) Whole-liver protein levels of Il-1β, Ccl2, Ccl3,

and Cxcl2 measured by RT-PCR assay. (E) Supernatants were assayed for IL-6, TNF-α, and IL-18 levels by ELISA. (F) Flow cytometric analysis comparing expression

of stated marker between inflammatory CD45+/CD11bhighF4/80mid hepatic macrophages. All data shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

ALT levels increased dramatically, along with the notably up-
regulated secretion and expression of inflammatory cytokines
after CCl4 treatment (Figures 1D,E). In addition, our study also
clarified its possible association with the aberrantly changed
hepatic macrophage subsets. The total hepatic macrophages were
assayed and detected as CD45+, CD11B+, and F4/80+ cells
from the non-parenchymal cell (NPC) fraction after in situ
perfusion of the hepatic portal vein and flow cytometry assay.
Importantly, coinciding with fibrosis severity, liver resident
macrophages, which often called Kupffer cells and detected as
F4/80high CD11Bintermediate, were predominant in the control
group (uninjured). Lowered proportion of resident macrophages
was observed during the process of stimulated inflammation
and fibrogenesis; CD11Bhigh F4/80intermediate subset signifies a
monocyte-derived recruited macrophage population that has
increased progressively during fibrogenesis (Figure 1F). In
summary, our data suggested that an initial cell injury can trigger
inflammation to give rise to worsened liver fibrosis.

miRNAs and Pathways That Are Correlated
With Liver Fibrosis
To identify DEMs of GSE40744 downloaded fromGEO database,
GEO2R tool was employed to perform the differential expression
analysis following the protocol introduced in Materials and
Methods section. Eighty nine miRNAs in total (62 up-regulated
and 27 down-regulated) were ascertained to show significantly
different expression in liver fibrosis biopsy specimen, reaching

as high as two-fold aberration in comparison with normal ones
(Figure 2A and Table S3). To ensure clearer visualization, the
top 10 up-regulated and top 10 down-regulated miRNAs were
selected as Figure 2B. As the most down-regulated miRNA,
miR-20a-5p was picked for further analysis. 1381, 1384, and
1071 genes were detected as potential targets of miR-20a-
5p through miRDB, TargetScan and miRtarbase, respectively.
Three hundred and ninety three overlapping genes were
identified as the targets of miR-20a-5p (Figure 2C and Table S4).
Subsequently, enrichment analysis through KEGG database was
carried out to identify the main pathways of these targets. Twenty
nine significantly enriched KEGG pathways were identified
(Figure 2D), including TGF-β signaling pathway, Bladder cancer,
and Pancreatic cancer, et al. It was reported that TGF-β signaling
pathwaywas of importance in liver fibrosis development (27).We
hypothesized that miR-20a-5p played a part in the development
of liver fibrosis by regulating TGF-β signaling pathway.

miR-20a-5p Was Down-Regulated and
Associated With Inflammation During Liver
Fibrosis
To validate whether miR-20a-5p is a modulator in liver fibrosis,
the expression level of miR-20a-5p was measured through
qRT-PCR assay in liver tissues collected from patients, CCl4-
induced mice model and healthy controls. In agreement with
our assumption, miR-20a-5p expression level was significantly
reduced in both tissue specimens of patients and CCl4-induced
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FIGURE 2 | Global properties of miRNAs and pathways correlated with liver fibrosis. (A) Volcano plot of the DEMs (adjust P < 0.05 and |logFC| ≥ 2 were set as the

cut-off criteria). (B) Heat map of the top 20 DEGs (top 10 up-regulated and 10 down-regulated genes). (C) Venn diagram of target genes predicted by miRDB,

TargetScan, and miRtarbase. (D) KEGG pathway enrichment analysis of target genes of miR-20a-5p. The red lines represent gene count and the histogram represent

–log2 (P value).

mice (Figure 3A). These results prompted us to further explore
the function of miR-20a-5p in liver fibrosis. We built an in-
vitro cell model to simulate the complex process of fibrosis
(Figures 3B,C). Hepa1-6 cells were transfected with miR-20a-5p

mimic followed by CCl4 treatment. Forty eight hours later, the
culture supernatant was collected to treat Raw264.7 cells. ELISA
assays showed that impaired-hepatocyte caused inflammation
was blocked by restored miR-20a-5p, which was further
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FIGURE 3 | MiR-20a-5p was down-regulated and associated with inflammation during liver fibrosis. (A) miR-20a-5p expression in the clinical samples from normal

(n = 10) or liver fibrosis patients (n = 20) were analyzed by qRT-PCR. (B) The schematic of the in-vitro cell model. (C) The concentration-response curves of CCl4 for

hepatocyte injury model. (D) The cytokine levels of IL6, TNF-α, and IL-18 were determined in control cells and CCl4-cells transfected with miR-20a-5p or their

respective NCs by ELISA and qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001, ###p < 0.001, respectively. *Compared with CCl4 plus miR-NC and #compared with

the control.

confirmed by the other cytokines expression, e.g., CD11b, CD45,
and INF-γ, the key markers widely accepted for inflammation
test (Figure 3D, Figure S1). Our data indicate that miR-20a-5p
expression is functionally related to inflammation during the
onset and progression of liver fibrosis.

miR-20a-5p Alleviated Liver Fibrosis
Through TGF-β Signaling Pathway
After binding to its receptors, TGF-β1 can activate the
transcription factor downstream the pathway, Smad 2 and

Smad3, to mediate fibrosis, and the signaling is negatively
mediated by Smad7.

It is abundantly clear that TGF-β/Smad pathway is a major

signal that activates HSCs and mediates fibrosis triggering

downstream Smad 2 and Smad3 by TGF-β1. We have

showed that TGFBR2 is one of the miR-20a-5p targets by

searching the miRNA interactome dataset (Figure 2D). Thus,

we initially investigated the expressions of TGFBR2 in liver

fibrosis samples from patients. Immunofluorescence staining
indicated that TGFBR2 expression level was notably enhanced

in specimen collected from patients than that from healthy

Frontiers in Oncology | www.frontiersin.org 6 February 2020 | Volume 10 | Article 107167

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Fu et al. miR-20a-5p/TGFBR2 Axis in Liver Fibrosis

FIGURE 4 | miR-20a-5p alleviated liver fibrosis through TGF-beta signaling pathway. (A) Immunohistochemical staining of TGFBR2 in human tissues from healthy

controls and patients. (B) The protein levels of fibrosis markers and TGF-beta pathway makers. (C) The correlation between TGFBR2 and CD11b, CD45 mRNA

expression level in liver fibrosis patients. (D) The TGFBR2 mRNA levels in human and mouse models. (E) The interaction between miR-20a-5p and TGFBR2 3′UTR.

Luciferase activity was determined in cells co-transfected with different luciferase reporter vectors and miRNAs. All data shown as mean ± SEM. *P < 0.05,

**P < 0.01, ***P < 0.001.

controls (Figures 4A,B). Analogously, the expression levels of
both phosphorylated-Smad2 and phosphorylated-Smad3 were
notably higher than those in normal tissues, suggesting the
activation of TGF-β signaling pathway (Figure 4C). Because we
demonstrated miR-20a-5p alleviated liver fibrosis may through
lighten inflammation, we sought to evaluate the relevance
between TGFBR2 and inflammation. As expected, the TGFBR2
expression exhibited significantly correlation with CD11b and
CD45 (GSE80601, r2 = 0.9201 and 0.9786, respectively; both P
< 0.0001) (Figure 4D). Finally, the 3′UTR sequence of TGFBR2
mRNA was cloned into the pGL3-Basic plasmid, in an attempt
to ascertain the possible regulatory role of miR-20a-5p in the
expression of TGFBR2 via binding to the predicted site. Our
data demonstrated that miR-20a-5pmimics induced significantly
inhibited luciferase activities of pGL3-TGFBR2 (WT), but no
effect was observed on pGL3-TGFBR2 (Mut) (Figure 4E).
Collectively, our data strongly suggests that miR-20a-5p down-
regulation reinforce TGF-β signaling, at least in part, through
alleviating to target TGFBR2 mRNA, leading to inflammation
during liver fibrosis progression.

DISCUSSION

Aberrant hepatocyte death and persistent liver inflammation
are recognized as drivers of liver fibrosis that in a chronic
setting can promote HCC development (28). In the present
study, we reported peripheral macrophage population
accumulates during fibrosis. Besides, using microarray
data of liver miRNomes, we measured the whole-genome

miRNA expression of human liver fibrosis tissues and
determined miR-20a-5p as a key modulate miRNA. The
TaqMan probe-based qRT-PCR was performed to verify the
predominance of miR-20a-5p through in both mouse and
human samples. Furthermore, the present study demonstrated
that lower level of miR-20a-5p exacerbates inflammation,
whereas up-regulation of miR-20a-5p suppresses the releasing
of cytokines.

Macrophages are “keystones” of liver architecture in both
homeostasis and disease. Several studies have corroborated the
central role played by macrophages in mediating inflammation
and tissue fibrogenesis in several organ systems, but the
progress is reverse (18, 29). Given the urgency and necessity
to discover or develop an effective therapy for liver fibrosis,
an increasing number of studies focus on analyzing miRNA
mechanisms in fibrotic diseases, shedding light on the biological
role of miR-21, miR-132, miR-155, miR-26a, and so forth.
Previous studies demonstrated the elevated miR-155 expression
in Kupffer cells after prolonged alcohol uptake, and that
TNF served as a miR-155 target gene to give rise to liver
inflammation (30, 31). miR-20a is one of miR-17/92 cluster
members, which are located in the 13q31.1 region, which
is largely involved in inflammatory. Overexpression of miR-
20a could reduce the activity of inflammasome NLRP3 by
mediating targeting thioredoxin-interacting protein (TXNIP)
(32). Furthermore, miR-20a was reported to be beneficial
to human aortic endothelial cells derived from Ox-LDL-
induced inflammation through mediating TLR4 and TXNIP
signaling (33). Moreover, miR-20a was also reported to
regulate signal-regulatory protein α (SIRPα), resulting in
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macrophage infiltration, phagocytosis, and pro-inflammatory
cytokine secretion (34). The exact part played by miR-20a-5p in
the progression of liver fibrosis is yet to be elucidated. Herein, our
data have shown that miR-20a-5p was distinctly decreased with
advanced fibrosis and we develop a novel cell model to simulate
the macrophage activation during fibrosis. Notably, restoration
of miR-20a-5p suppresses inflammations caused by inhibited
hepatocyte injury.

Since miR-20a-5p suppressed inflammation in vitro, exploring
its underlying mechanism relevant to the disease process
of fibrosis is necessary. We further observed the level of
TGFBR2 up-regulated in patients compared to normal liver.
In addition, miR-20a-5p could regulate TGFBR2 expression
by directly binding to its 3′-UTR, while TGF-β pathway
contributes to hepatotoxicity which influences macrophage
activation. Among the multiple causative factors, it’s well-
known that TGF-β/Smad pathway is essential for liver fibrosis
development (35, 36). Connection of TGF-β and its receptors,
including TGFBR1 and TGFBR2 could endow it with the
serine threonine kinase activity. TGF-β is always recognized
as a pro-fibrogenic cytokine in TGF-β signaling pathway due
to its function in HSC activation and ECM production (37–
39). Recently, it has been revealed that TGF-β is essential
for the development and critical features of multiple tissue-
resident macrophages. What’s more, TGF-β is required for
the maintenance of expression pattern of the macrophage-
specific homeostatic genes (40–42). Our data verified the
contributions of TGF-β signaling pathway in hepatocytes to
macrophage activity.

Together, our results highlight a critical function of miR-
20a-5p in the liver fibrosis development, and provide the first
evidence that miR-20a-5p maintains the survival of hepatocyte
via TGF-β signaling pathway and that inhibits inflammation
occur. Moreover, the reintroduction of miR-20a-5p enlightens
a promising therapeutic strategy for the clinical intervention of
liver fibrosis.
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Figure S1 | Decreased miR-20a-5p reinforce inflammation during liver fibrosis

progression. (A) The cytokine levels of IL6, TNF-α, and IL-18 were determined in

control cells and CCl4-cells transfected with si-miR-20a-5p or their respective

NCs by ELISA. Values are presented as mean ± SEM. ∗p < 0.01 compared with

CCl4 plus si-miR-NC and ###p < 0.001 compared with the control.
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Immunotherapy. A Tumor-Intrinsic or
Tumor-Extrinsic Phenomenon?
Luisa Chocarro de Erauso1, Miren Zuazo1, Hugo Arasanz1,2, Ana Bocanegra1,
Carlos Hernandez1, Gonzalo Fernandez1,2, Maria Jesus Garcia-Granda1, Ester Blanco1,
Ruth Vera2, Grazyna Kochan1* and David Escors1*

1 Oncoimmunology Group, Navarrabiomed-UPNA, IdISNA, Pamplona, Spain, 2 Department of Medical Oncology, Complejo
Hospitalario de Navarra CHN-IdISNA, Pamplona, Spain

Cancer immunotherapies targeting immune checkpoints such as programmed cell-death
protein 1 (PD-1) and its ligand programmed cell-death 1 ligand 1 (PD-L1), are
revolutionizing cancer treatment and transforming the practice of medical oncology.
However, despite all the recent successes of this type of immunotherapies, most
patients are still refractory and present either intrinsic resistance or acquired resistance.
Either way, this is a major clinical problem and one of the most significant challenges in
oncology. Therefore, the identification of biomarkers to predict clinical responses or for
patient stratification by probability of response has become a clinical necessity. However,
the mechanisms leading to PD-L1/PD-1 blockade resistance are still poorly understood. A
deeper understanding of the basic mechanisms underlying resistance to cancer
immunotherapies will provide insight for further development of novel strategies
designed to overcome resistance and treatment failure. Here we discuss some of the
major molecular mechanisms of resistance to PD-L1/PD-1 immune checkpoint blockade
and argue whether tumor intrinsic or extrinsic factors constitute main determinants of
response and resistance.

Keywords: immune checkpoint blockade, programmed cell-death protein 1, programmed cell-death 1 ligand 1,
immunotherapy, tumor-intrinsic resistance, tumor-extrinsic resistance, biomarkers
INTRODUCTION

Cancer immunotherapies aim at stimulating the immune system of patients to reactivate its anti-
oncogenic activities (Escors, 2014). The most successful anti-cancer immunotherapies are currently
those based on immune checkpoint blockade with antibodies (ICIs). Under normal physiologic
conditions, immune checkpoints function as regulators of excessive inflammation following T-cell
activation, and mechanisms to prevent auto-reactive responses. Unfortunately many cancer cells
exploit these T-cell inhibitory mechanisms by up-regulating the expression of immune checkpoint
molecules that will bind their ligands on activated T cells leading to their inactivation. It is thought
that ICI therapies act primarily on the reactivation of T lymphocytes to exert cytotoxic activities
over cancer cells. The emergence of ICI therapies over the last decade has transformed to the core
cancer treatments, as they show good efficacies, and less toxicity than conventional chemotherapy or
in.org April 2020 | Volume 11 | Article 4411171
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targeted therapies. However, for most cancer types only a subset
of all patients effectively respond to these therapies, which is a
major clinical, economic, and ethical problem (Topalian et al.,
2011; Nishino et al., 2017; Prasad et al., 2017; Kamada et al.,
2019; Martins et al., 2019). It is often said that ICI therapies have
revolutionized oncology, although their efficacy is still limited.
But, what do we mean when we claim that ICI therapies have
caused a revolution?

Before the success stories of ipilimumab (Hodi et al., 2008), and
before the publication of the results from the first clinical trials of
PD-L1/PD-1 blockers (Brahmer et al., 2012; Topalian et al., 2012),
immunotherapies were not seriously considered as viable
therapeutic options by most oncologists and pharmaceutical
companies. Most of their efforts were directed towards the
development of small molecule inhibitors for targeted therapies,
or novel chemotherapies. And even though targeted therapies
showed good efficacies, they were largely limited to patients with
tumors harboring the targeted mutations. So, what did ICI
treatments truly change? The truly astonishing result is that with
only a single drug, objective responses were obtained in a very large
number of cancer types largely independent of their ontogeny.
Moreover, these drugs are not even directed towards the cancer cell.
For example, the anti-PD-1 antibody pembrolizumab has achieved
objective responses in cancers as different asmelanoma, lung cancer,
head and neck, urothelial, gastric cancer, mesothelioma, and
Hodgkin lymphoma, among others.

The inhibitory co-receptors that modulate the activation of T
cells are generally associated with the T-lymphocyte receptor
(TCR) complex at the immunological synapse. These molecules
constitute major control points and serve as targets to enhance
antitumor immune responses. Some examples expressed in T
cells are programmed cell-death protein 1 (PD-1), T-cell
immunoglobulin and mucin domain-containing protein 3
(TIM-3), cytotoxic T-lymphocyte antigen 4 (CTLA-4), or
lymphocyte-activation gene 3 (LAG-3) (Saito et al., 2010; Chen
and Flies, 2013; Esensten et al., 2016; Schildberg et al., 2016;
Lichtenegger et al., 2018). Several ICI antibodies targeting
CTLA-4 or the PD-L1/PD-1 axis are approved for use by the
Frontiers in Pharmacology | www.frontiersin.org 2172
Food and Drug Administration (FDA) and European Medicines
Agency (EMA) for treatment of different cancer types. These
antibodies have demonstrated clinical efficacy, with durable
clinical responses. Due the success of blockade strategies of
CTLA-4 and PD-1 pathways, several antibodies targeting other
immune checkpoints are now at different stages of development.
Moreover, several combination strategies with ICIs are under
evaluation in clinical trials, emerging as new opportunities to
enhance anti-tumor immunity (Table 1) (Pardoll, 2015).

Since 2012, antibodies blocking PD-1/PD-L1 interactions are
demonstrating very promising results (Brahmer et al., 2012;
Topalian et al., 2012), demonstrating their efficacies and safety.
Truly, these results have no precedent in the history of cancer
treatments due to their wide range of activities and the durability of
responses. To date, six immune checkpoint inhibitors blocking the
PD-L1/PD-1 axis are approved by the FDA and the EMA: three
PD-1 inhibitors (nivolumab, pembrolizumab, and cemiplimab), and
three PD-L1 inhibitors (atezolizumab, durvalumab, and avelumab).
Most of them have also been approved by the Chinese National
Medical Products Administration (NMPA), and by the
Pharmaceuticals and Medical Devices Agency (PMDA) in Japan.
Additionally, the NMPA has recently approved the use of four more
PD-1 inhibitors (toripalimab, tislelizumab sintilimab, and
camrelizumab) in China. These drugs are indicated for the
treatment of several cancer types such us melanoma, non–small
cell lung cancer (NSCLC), renal cell carcinoma, head and neck
squamous cell carcinoma, urothelial carcinoma, microsatellite
instability–high colorectal cancer and metastatic cutaneous
squamous cell carcinoma.

However, despite these successes the majority of patients in
many cancer types do not truly benefit from PD-L1/PD-1 blockade
therapies and show resistance, either intrinsic resistance when the
treatment directly fails, or acquired resistance where a proportion of
responders will also develop resistance. Other patients show some
response in the form of stable disease, or acceleration of disease in
the form of hyperprogression (Zuazo et al., 2018). Still, the specific
mechanisms of resistance and response remain to be elucidated.
Therefore, the understanding of the basic mechanistic pathways of
TABLE 1 | Clinical trials targeting the PD-L1/PD-1 axis and combinations.

PD-1/PDL-1 clinical trials Targets NCT identifier

PD-1/PD-L1 monotherapy PD-1/PD-L1 axis NCT03936959, NCT03013101, NCT03167853, NCT03142334,
NCT02853344, NCT02702414, NCT02838823, NCT02836795,
NCT03010176, NCT03219775, NCT03692442, NCT02358031

Combination
therapies with
PD-1/PD-L1
blockade

with other
immunotherapies

PD-1/PD-L1 axis and CTLA-4, LAG-3,
OX40, TIM-3, GITR, CD20 mAbs, IL2R,
IL12, IL7R, IL1B, CD19, CD40, CD38,
41BB

NCT03179007, NCT03615313, NCT03190811, NCT03732547,
NCT03970382, NCT03527251, NCT03894215, NCT01968109,
NCT02658981, NCT03680508, NCT04198766, NCT04215978

with targeted therapies PD-1/PD-L1 axis and VEGF/VEGFR, ERK1/
2, RAF, AMPK, EGFR, FGFR, MEK, RAF
pathways

NCT03851614, NCT04010071, NCT02133742, NCT04152356,
NCT03955354, NCT04303741, NCT04014101, NCT03722875,
NCT03394287, NCT03359018, NCT02873390, NCT03182816

with chemotherapy PD-1/PD-L1 axis and direct cancer cell
cytotoxicity

NCT03903887, NCT03311789, NCT03737123, NCT04152889,
NCT03041181, NCT03515629, NCT03701607, NCT03409614,
NCT04225364, NCT02220894, NCT02819518, NCT03221426

Other combinations
(radiotherapy,
chemoradio, multi-way
combo, others)

PD-1/PD-L1 axis and direct cancer cell
cytotoxicity

NCT02821182, NCT04017897, NCT03898895, NCT03557411,
NCT03984357, NCT03671265, NCT03984357, NCT03619824,
NCT03474094, NCT02992912, NCT02434081, NCT02525757
April 2020 | Volume 11 | Article 441

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chocarro de Erauso et al. Resistance to Immune Checkpoint Blockade
resistance and the identification of predictive biomarkers of
response have become a clinical necessity. Here, we review the
current knowledge on resistance to PD-L1/PD-1 blockade therapies
and discuss whether tumor intrinsic or extrinsic factors are the main
determinants of response and resistance.
PROGRAMMED CELL DEATH PROTEIN 1
(PD-1) AND PROGRAMMED CELL-DEATH
1 LIGAND 1 (PD-L1) AXIS

PD-1 (CD279) is a type 1 transmembrane glycoprotein from the
B7-CD28 immunoglobulin superfamily discovered in 1992 for
which Prof Honjo received the Nobel Prize (Ishida et al., 1992).
This protein is encoded by Pdcd1 gene on the human chromosome
2, and it is composed of a short signal sequence, an extracellular
IgV-like domain, a stalk region, a transmembrane domain, and an
intracellular cytoplasmatic tail containing the two tyrosine-based
signaling motifs; the immunoreceptor tyrosine-based inhibitory
motif (ITIM) and the immunoreceptor tyrosine-based switch
motif (ITSM) (Figure 1). These two motifs contribute to the
inhibitory functions of PD-1. PD-1 has two main ligands, PD-L1
(B7-H1, CD274) and PD-L2 (B7-DC, CD273) (Dong et al., 1999;
Freeman et al., 2000; Latchman et al., 2001; Tseng et al., 2001) (16–
19). PD-L1 is a type I transmembrane protein encoded by the
Cd274 gene on the human chromosome 9 discovered in 1999 as an
additional member of the B7 family. PD-L1 is composed of a signal
sequence, an IgV-like domain, an IgC-like domain, a
transmembrane domain, and a highly conserved short
intracellular region with intracellular signal transduction capacities
Frontiers in Pharmacology | www.frontiersin.org 3173
(Pascolutti et al., 2016; Gato-Canas et al., 2017; Escors et al., 2018)
(Figure 1). The intracellular domain presents three highly
conserved sequence motifs, two of which are required for
regulating interferon-mediated cytotoxicity (RMLDVEKC and
DTSSK) (Gato-Canas et al., 2017; Escors et al., 2018). PD-L2 is a
type I transmembrane protein encoded by the Pdcd1lg2 gene was
discovered in 2001 (Latchman et al., 2001; Tseng et al., 2001) and
exhibits a similar molecular oganization than PD-L1.

After engagement with PD-L1, PD-1 inhibits T cell functions
through direct and indirect pathways (Arasanz et al., 2017)
(Figure 2). Direct pathways are dependent on the recruitment
of SHP-1 and SHP-2 phosphatases phosphatases to PD-1 ITIM
and ITISM motifs following their tyrosine phosphorylation by
Lck (Plas et al., 1996; Chemnitz et al., 2004; Sheppard et al., 2004;
Hui et al., 2017). SHP phosphatases inhibit ZAP70 and PI3K
activities by dephosphorylation, and thus ending the TCR-CD28
signal transduction and its downstream dependent intracellular
pathways (ERK and PKCq). PD-1 also inhibits T cell activities
through indirect pathways. After engaged with PD-L1, PD-1
leads to increased expression of CBL E3 ubiquitin ligases, which
ubiquitylate components of the TCR leading to its internalization
and degradation (Karwacz et al., 2011; Karwacz et al., 2012;
Liechtenstein et al., 2014). Also, an indirect pathway of PD-1-
dependent inhibition of TCR signal transduction is caused when
PD-L1 engages to PD-1 by inhibiting the transcription of CK2
through an unclear mechanism, resulting in de-phosphorylated
PTEN that will in turn de-phosphorylate PI3K and terminating
in this way downstream pathways (Patsoukis et al., 2013;
Arasanz et al., 2017).

In physiological conditions PD-L1/PD-1 interactions keep T
cell tolerance toward autoantigens (Latchman et al., 2004).
FIGURE 1 | Molecular structures of PD-1 and PD-L1. The domain organization of PD-1 is shown on top, with each domain indicated. The domain organization of
PD-L1 is shown below, with each domain indicated.
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Conversely, in pathological conditions these inhibitory receptors
lead to regulation of T-cell effector functions in autoimmunity
and infection (Barber et al., 2006; Sharpe et al., 2007). Tumor
survival can depend on the PD-L1/PD-1 pathway to attenuate
immunogenicity and facilitate resistance to anti-apoptotic
stimuli (Hirano et al., 2005; Azuma et al., 2008; Keir et al.,
2008; Gato-Canas et al., 2017; Escors et al., 2018). PD-L1 is
overexpressed in many tumor types to evade the immune attack
and its expression generally (but not always) correlates with
progression (Gato-Canas et al., 2017; Escors et al., 2018;
Bocanegra et al., 2019; Kattan et al., 2019). PD-1 is expressed
in T lymphocytes and interferes with their activation when
bound with their ligands PD-L1, inhibiting the effector phase
and thus dampening the ability of these T cells to kill cancer cells
(Keir et al., 2008; Gato-Canas et al., 2017; Zuazo et al., 2019).
MECHANISMS OF RESISTANCE TO
PD-L1/PD-1 IMMUNOTHERAPY

PD-L1/PD-1 blockade immunotherapy demonstrates longer
duration of responses, and it is better tolerated than traditional
therapies. However, despite the recent successes, a large number
of patients do not respond to the therapy. This fact indicates
intrinsic (or primary) resistance. In addition, a percentage of
responder patients end up progressing through mechanisms of
acquired resistance. Primary and acquired resistances are
important barriers in terms of benefit to the patient (Pitt et al.,
2016; Restifo et al., 2016; Sharma et al., 2017; O’Donnell
et al., 2019).

Some of the patients treated with PD-L1/PD-1 immunotherapy
show hyperprogressive disease, characterized by an unexpected
drastic acceleration in tumor growth after the initiation of the
therapy with fatal consequences (Champiat et al., 2017; Kato et al.,
2017; Saada-Bouzid et al., 2017; Champiat et al., 2018; Ferrara et al.,
2018; Zuazo et al., 2018; Kim et al., 2019). Moreover, a certain
Frontiers in Pharmacology | www.frontiersin.org 4174
percentage of responder patients show an apparent progression of
neoplastic lesions caused by massive tumor infiltration by immune
cells. This response has been termed pseudoprogression, and it is a
confounding factor for evaluation of responses by standard
techniques such as computerized tomography (Onesti et al., 2019).
These variety of atypical responses have prompted the development
of immune-related response criteria (irRC) to better characterize the
distinct types of responses associated to immunotherapies (Wolchok
et al., 2009), in contrast to conventional evaluation criteria by
Response Evaluation Criteria in Solid Tumors (RECIST).
Nonetheless, the techniques and biomarkers currently integrated in
clinical practice are not sufficient to identify responses. A deeper
understanding of themechanisms leading to resistance to PD-L1/PD-
1 blockade is required.

In addition, every patient is unique as a result of genetic and
clinical backgrounds. Hence, the mechanisms leading to clinical
response or resistance are highly complex and might differ not
only according to tumor type but also to patient-specific factors.
Therefore, the contribution of tumor-cell intrinsic and patient-
specific extrinsic factors needs to be elucidated. In the context of
immunotherapies, it is unclear which ones are the main
determinants of response and resistance.

Tumor-Intrinsic Factors and Resistance to
PD-L1/PD-1 Blockade Therapies
A number of intrinsic characteristics of the patients are
prognostic markers. In principle, we will disregard these
general characteristics and focus on more specific factors
contributing to immunoresistance. Without any doubt, tumor-
intrinsic factors definitely contribute to response or progression
in immune checkpoint blockade (Sharma et al., 2017; Chowell
et al., 2018; Kalbasi and Ribas, 2020).

Tumor-intrinsic factors that contribute to primary and
acquired resistance to PD-L1/PD-1 immunotherapy conform a
genetic and signaling landscape that prevents immune cell
infiltration in the tumor microenvironment (TME) (Figure 3).
FIGURE 2 | PD-1 signaling pathways in T cells. The figure schematically summarizes the direct and indirect T cell inhibitory signaling mechanisms as indicated.
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Resistance to PD-1 blockade immunotherapy is often associated
with insufficient tumor antigenicity, constitutive PD-L1
expression, defects in IFN signal transduction within cancer
cells and alterations in the regulation of oncogenic pathways
(Escors, 2014; Sharma et al., 2017).

The loss of tumor antigenicity is a major escape mechanism
for many tumor types (Escors, 2014). This is mainly caused by
cancer immunoediting, a process by which the immune system
exerts a strong and sustained selective pressure over the most
immunogenic cancer cell variants (Schreiber et al., 2011). Hence,
recognition of tumor-specific antigens by effector T cells is
crucial for cancer immunoediting (DuPage et al., 2012).
Effector T cells will eliminate the most immunogenic cancer
cells and control tumor progression for some time (Restifo et al.,
2016; Sharma et al., 2017). However, the less immunogenic
cancer cell variants will overgrow and progress. Therefore,
tumor immunoediting does constitute a strong mechanism of
acquired resistance to immunotherapies. The resulting surviving
cancer cells usually show a strong decrease in tumor antigen
expression (Matsushita et al., 2012; Escors, 2014), or a down-
modulation of molecules involved in antigen presentation such
as lack of MHC I or beta-microglobulin expression (Gubin et al.,
2014). In this context, ICI therapies will fail simply because no
endogenous T cell responses can be raised against these tumors.
It has to be noted that immunoediting as a mechanism of
immunological escape has been relatively well studied in
immunotherapies other than ICIs (Schreiber et al., 2011; Teng
et al., 2015; O’Donnell et al., 2019). Therefore, the real extent of
the impact of immunoediting over resistance to ICI treatments
has not yet been systematically quantified. The detection of less
immunogenic variants in samples from patients before the start
of immunotherapies may provide the means for adequate patient
selection. For instance, characteristics such as genomic instability
or epigenetic alterations in pre-existing tumor cell variants, may
enable these cancer cells to evade ICI therapies. And these may
even facilitate tumor grown, immune evasion, and tumor escape.
Frontiers in Pharmacology | www.frontiersin.org 5175
These escape variants are likely to be naturally selected especially
if potent immunostimulatory therapies are applied (Khong and
Restifo, 2002). For example, the loss of functional b2
microglobulin from tumor cells, a structural component of the
major histocompatibility complex (MHC) 1, confers resistance to
tumor-specific CD8 T cells (Restifo et al., 1996). In addition,
acquired homeostatic resistance has been described in which
tumor cells alter gene expression profiles in response to
interactions with the immune system (Pardoll, 2015).

We could include within these mechanisms the adaptive up-
regulation of PD-L1 expression as a response to interferons
produced during the anti-tumor attack (Garcia-Diaz et al.,
2017; Gato-Canas et al., 2017; Escors et al., 2018). Cancer cells
with up-regulated PD-L1 would not only inactivate PD-1-
expressing T cells, but will also show increased resistance to
IFN-mediated apoptosis through reverse signaling by PD-L1
within cancer cells (Gato-Canas et al., 2017; Jalali et al., 2019).
It has been known for some time that PD-L1 had intrinsic
signaling properties in cancer cells that protected that protected
them from a range of apoptotic stimuli, and that its intracellular
domain was required for this protection (Azuma et al., 2008).
Moreover, PD-L1 was also shown to stimulate cancer cell growth
by modulating the activity of AKT/mTOR, autophagy, and
glycolysis (Chang et al., 2015; Clark et al., 2016; Gupta et al.,
2016). The intracellular part of PD-L1 contains three non-
classical signaling motifs; The “RMLD,” “DTSSK,” and
“QFEET” motifs (Figure 1). The RMLD sequence is required
for the anti-apoptotic activities of PD-L1 through the inhibition
of STAT3 expression and alternative phosphorylation. The
DTSSK motif has regulatory properties, and when it is
removed or mutated, PD-L1 molecules exhibit hyperactivated
signaling (Gato-Canas et al., 2017). The QFEET motif has been
recently shown to be the docking site for the de-ubiquitinase
USP22 (Huang et al., 2019).

Inhibition of STAT3 by PD-L1 intrinsic signaling ensures the
abrogation of interferon-mediated apoptosis (Gato-Canas et al.,
FIGURE 3 | Schematic summary of cancer-intrinsic characteristics influencing clinical responses to PD-L1/PD-1 blockade therapies. The figure depicts the
interaction of a T cell with a cancer cell, highlighting cancer cell intrinsic factors that can inactivate T cell activities, as indicated by the arrows.
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2017), stimulates the inflammasome pathway in cancer cells
(Theivanthiran et al., 2020), and directly inhibits PD-L1-positive
T cells (Diskin et al., 2020). PD-L1-regulated inflammasome
activation triggers a series of signaling cascades that end up with
the recruitment of granulocyte myeloid-derived suppressor cells
(MDSC) in the tumor environment. This accumulation of MDSCs
contribute to resistance to PD-L1/PD-1 blockade strategies.
Therefore, PD-L1 expression by cancer cells regulates several pro-
carcinogenic mechanisms that can contribute to resistance: First,
PD-L1 as an inhibitor of T cell effector activities; second, PD-L1 as
an anti-apoptotic shield; and third, PD-L1 as a recruiter of MDSCs
into the tumor microenvironment. In agreement with this, it is not
surprising that human carcinomas with inactivating mutations in
the DTSSK motif of PD-L1 can be selected by immunoediting
(Gato-Canas et al., 2017), as these mutations increase the signaling
capacities of PD-L1.

Hence, PD-L1 expression in tumors could be considered a
tumor-intrinsic factor of resistance. PD-L1 up-regulation in
tumor cells is generally associated with tumor progression,
proliferation and invasion, antiapoptotic signaling, and T cell
inhibitory activities via engagement with PD-1 (Escors et al.,
2018). PD-L1 expression on tumor cells seems to be sufficient for
immune evasion and inhibition of CD8 T cell cytotoxicity
(Juneja et al., 2017). Therefore, PD-L1 expression is a
recognized biomarker for patient stratification in PD-L1/PD-1
blockade immunotherapy. Some immunohistochemistry assays
to quantify PD-L1 expression are currently FDA-approved such
as Dako 28-8, Dako 22C3, Ventana SP142, and Ventana SP263.
However, the systems of detection are not currently
standardized, as different immunochemistry assay and scoring
system offer different classifications for tumor PD-L1 status
(Arasanz et al., 2018; Bocanegra et al., 2019). Additionally, PD-
L1 expression can be highly variable and heterogeneous. Some
patients with PD-L1-negative tumors may still benefit from anti-
PD-L1/PD-1 therapies as PD-L1 is also expressed by many other
cell types including myeloid antigen-presenting cells (Karwacz
et al., 2011; Motzer et al., 2015; Horn et al., 2017; Bocanegra et al.,
2019). Because of these limitations, PD-L1 expression as a
predictive biomarker for responses is still under debate.
Nevertheless, the application of radioactively-labeled probes
specific for PD-L1 and in vivo PET visualization of labeled
tumors, and their metastasis is very likely going to solve many
of these issues. First, detection of PD-L1 expression levels
without the need of obtaining a limited amount of tumor
tissue. Second, sensitive detection of “silent” metastases. Third,
discrimination of true progression from pseudoprogression, at
least for cancers that are PD-L1 positive. So far, several different
approaches have been applied in pre-clinical models and in
cancer patients. For example, by using PD-L1-specific
nanobodies labeled with technetium-99m (Broos et al., 2017),
PD-L1-specific cyclic peptides labeled with Gallium (De Silva
et al., 2018), and radio-labeled anti-PD-L1 antibodies (Heskamp
et al., 2015; Niemeijer et al., 2018).

Several other approaches based on intrinsic tumor characteristics
have been established for patient selection. From these, the tumor
mutational burden (TMB) has gained popularity as a potential
Frontiers in Pharmacology | www.frontiersin.org 6176
predictive biomarker associated with response to ICI therapies.
TMB provides a quantification of the number of mutations per
megabase of genomic DNA within the tumor encoding genome. It
is thought that “high” TMB tumors may have increased expression
of neoantigens and enhanced immunogenicity (Alexandrov et al.,
2013; Yuan et al., 2016). Neoantigen load is associated with response
and has some predictive value on long-term clinical benefit of PD-
L1/PD-1 blockade therapies. The mutational load before the start of
immunotherapies seems to be associated to a higher
nonsynonymous mutation burden in tumors, higher neoantigen
expression, and mutations within the DNA repair pathways (Gubin
et al., 2014; Le et al., 2015; Rizvi et al., 2015; Schumacher and
Schreiber, 2015). A reflection of this is exemplified by mismatch
repair deficiency in cancers, which predicts response to PD-1
blockade for some tumor types such as colon cancer (Le et al.,
2015; Le et al., 2017). Therefore, the FDA approved in 2017 the PD-
1 inhibitor pembrolizumab for treatment of progressive mismatch-
repair deficient solid tumors, consolidating mismatch repair
(MMR) defect as a clinically applicable biomarker.

Tumor-Extrinsic Factors and Resistance
to PD-L1/PD-1 Blockade Therapies
ICI immunotherapies differ substantially from conventional
therapies in which the target is the immune system. Therefore,
it is fair to assume that tumor extrinsic factors linked to the
immune system will be associated to response or resistance to ICI
therapy. So far, a variety of such factors have been associated to
resistance. These include irreversible T cell exhaustion,
expression of additional immune checkpoint molecules and
their ligands (CTLA-4, TIM-3, LAG-3, TIGIT, VISTA, and
BTLA), differentiation and expansion of immunosuppressive
cell populations, and release of immunosuppressive cytokines
and metabolites both systemically and within the TME (IL-10,
IL-6, IL-17, IFNg, CSF-1, tryptophan metabolites, TGF-b, IDO,
increased adenosine production) (Figure 4) (Fridman et al.,
2017; Sharma et al., 2017; Fares et al., 2019).

One of the oldest prognostic immune biomarkers is the
quantification of the type, location, and density of immune
cells that infiltrate the TME (O’Donnell et al., 2019). Anti-
neoplastic treatments and not only immunotherapies are most
efficacious in patients with increased tumor-infiltrating
lymphocytes (TILs) in biopsies. This is also true for ICI
therapies, and the use of TIL quantification together with PD-
L1 tumor positivity is generally associated to good responses
(Taube et al., 2012; Bindea et al., 2013). Indeed, there is a positive
correlation of TIL infiltration with PD-L1 expression by cancer
cells. There are several ways to quantify TIL infiltration, but one
of the most successful at least for colon cancer is the so-called
“immunoscore” (Galon et al., 2014; Pages et al., 2018; Angell
et al., 2020). This biopsy scoring system is a powerful prognostic
tool based on the quantification of CD3 and CD8 T lymphocytes
on the tumor center and at the tumor invasive margins.

Not surprisingly, TIL infiltration correlates with good
prognosis and objective responses to ICI therapies. Oligoclonal
TILs are expanded in the tumor tissues of responders to anti-PD-
1 blockade. These T cells show enhanced helper T cell type 1
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(Th1) cellular immunity (Inoue et al., 2016). Patients can be
stratified into four different types according to the characteristics
of the TME tumor based on TILs and PD-L1: type I or adaptive
immunoresistant (PDL1(+), TIL(+)), type II or immunologically
ignorant (PD-L1(-),TIL(-)), type III (PD-L1(+), TIL(-)), and type
IV or immune-tolerant (PD-L1(-), TIL(+)) (Teng et al., 2015).
This stratification may provide a means for therapy selection.
However, other factors contribute to efficacious responses. For
instance, the TILs/PD-L1 ratio can be altered according to the
expression of oncogene drivers in cancer cells as well as the
anatomical location of the neoplastic lesions.

Recent studies demonstrate that ICI therapies do also alter the
dynamics and characteristics of systemic immune cell
populations. Interestingly, some of these studies highlight the
CD28-CD80 costimulation signaling pathway as a major
contributor to efficacious responses to ICI (Hui et al., 2017;
Zuazo et al., 2019). Indeed, several studies show a key role for IL-
12-expressing dendritic cells with cross-presentation capacities
for good responses to immunotherapies (Kerkar et al., 2011;
Liechtenstein et al., 2014; Goyvaerts et al., 2015; Berraondo et al.,
2018; Garris et al., 2018; Etxeberria et al., 2019). These results
reinforce the idea that a systemic functional immunity is very
likely a required factor for the efficacy of immunotherapies. This
was elegantly shown in murine models (Spitzer et al., 2017) as
well as in human patients undergoing PD-L1/PD-1 blockade
therapies (Kamphorst et al., 2017; Zuazo et al., 2019). A systemic
expansion in peripheral blood of a population of CD28+ PD-1+
Frontiers in Pharmacology | www.frontiersin.org 7177
CD8 T cells was shown in melanoma patients responding to anti-
PD-1 therapy (Kamphorst et al., 2017). Patients with non-small
cell lung cancer undergoing ICI therapies that presented systemic
dysfunctional CD4 T cells that strongly co-expressed PD-1 and
LAG-3 failed to respond to therapies (Zuazo et al., 2019).
Interestingly, these CD4 T cells did not lose their capacities for
multi-cytokine production following in vitro stimulation, albeit
with a strong Th17-type of responses. These results suggested
that these T cells could not be considered exhausted. However,
they showed a degree of proliferative dysfunctionality that was
indicative of some type of anergy. Importantly, these patient
cohorts were enriched in hyperprogressors, suggesting a key role
for T cell dysfunctionality in hyperprogressive disease (Zuazo
et al., 2019). These results highlighted the up-regulation of LAG-
3 as a major escape mechanism to PD-1/PD-L1 monoblockade
strategies. Very similar results were obtained in two other
independent studies by Kagamu and collaborators, and Julia
and collaborators (Julia et al., 2019; Kagamu et al., 2020). In the
study by Zuazo et al. responders had a high percentage of highly
differentiated CD27− CD28− memory CD4 T cells before starting
immunotherapies, and could be used as a predictive biomarker.
Similarly, Kagamu et al. identified this population as CD62Llow

CD4 cells, while Julia et al. described this population as central
memory CD4 T cells.

The expansion of immunosuppressive immune cell populations
systemically or infiltrating the TME also contributes to extrinsic
factors of resistance. Regulatory T cells (Tregs) strongly suppress
FIGURE 4 | The figure schematically represents tumor-extrinsic mechanisms contributing to response or resistance to PD-L1/PD-1 blockade therapies. The figure
depicts on top a T cell interacting with a cancer cell, and the effects caused by the tumor microenvironment (TME) are boxed below. These include the recruitment of
immunosuppressive cells as indicated, the expression of immunosuppressive metabolites and the induction of alternative immune checkpoints on the T cell.
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tumor-specific T cell functions and disrupt effector T cell function.
The mechanisms of Treg-mediated immune suppression are varied
and include direct cell-to-cell contact and secretion of potent
immunosuppressive cytokines such us L-10, IL-35 or TGF-b
(Viehl et al., 2006; Sakaguchi et al., 2008; Arce et al., 2011). Some
of these cytones will differentiate naïve T cells into inducible Tregs
especially in the context of antigen presentation from tolerogenic
DCs (Arce et al., 2011). It is increasingly clear the negative impact
that the expansion of myeloid-derived suppressor cells have not
only in immunotherapy, but also in conventional therapies.
Although there is some controversy on their ontogeny and
nature, MDSCs englobe a collection of myeloid populations with
potent immunosuppressive activities. Tumor infiltrating MDSCs
promote angiogenesis, tumor cell invasion, and establish distal
metastatic niches (Srivastava et al., 2012; Meyer et al., 2013;
Liechtenstein et al., 2014; Dufait et al., 2015; Gato-Canas et al.,
2015; Ibanez-Vea et al., 2017). A special case of immunosuppressive
myeloid cells constitutes tumor associated macrophages (TAMs).
Tumor infiltration with TAMs usually correlates with poor
prognosis, particularly with M2 macrophages characterized by
high production of immunosuppressive cytokines. Therefore,
tumor infiltration with M2 macrophages over M1 macrophages
has an impact on tumor angiogenesis, invasion, metastasis, and
immunosuppression (Chanmee et al., 2014; Gato et al., 2016;
Ibanez-Vea et al., 2018). The recruitment of M2 macrophages
seems to lead to immunotherapy resistance, and recent reports in
murine models of cancer treated with PD-L1/PD-1 blockade
therapies link macrophages with hyperprogressive disease by
removing therapeutic antibodies through interactions with their
Fc receptors (Lo Russo et al., 2019).

Othermore subtlemechanismsmay also contribute to resistance. In
recent years it has been shown that long non-coding RNAs (lncRNAs)
constitute systemic regulators of many biological functions including
cancer (Schmitt and Chang, 2016). Interestingly, some immune-related
lncRNAs regulate immunosuppressivemechanisms leading to immune
evasion and resistance to immunotherapy. Some examples include loss
of antigen presentation, PD-L1 overexpression, regulation of T-cell
exhaustion, and MDSC and Treg differentiation and expansion (Zhou
et al., 2019; Zheng et al., 2019).

Finally, recent metagenomic studies have shown that
abnormal gut microbiome affects antitumor immunity,
influencing on the response to PD-1-based blockade (74, 75).
For example, the abundance of Bifidobacterium spp. in the gut
microbiome enhances anti-PD-L1 therapy efficacy and improves
antitumor immunity by affecting dendritic cells (Sivan et al.,
2015). Responders to immunotherapy showed abundant
Bifidobacterium longum and adolescentis , Collinesella
aerofaciens, Parabacteiodes merdae, and Fecalibacterium spp.
on their microbioma, while non-responders had increased
abundance of Ruminococcus obeum and Roseburia intestinalis
(Gopalakrishnan et al., 2018; Matson et al., 2018). A large
presence of Akkermansia muciniphila and A. muciniphila
contributes to the immunogenicity of PD-1 blockade, and its
abundance was correlated with clinical responses. Fecal
microbiota transplantations restore the efficacy of IL-12-
dependent anti-PD-1 blockade (Routy et al., 2018). These
Frontiers in Pharmacology | www.frontiersin.org 8178
observations are not restricted to PD-L1/PD-1 blockade, as the
presence of Bacteroides spp in the gut microbioma was required
for anticancer immunity in anti-CTLA-4 therapy (Vetizou
et al., 2015).
DISCUSSION AND CONCLUSIONS

It is undisputed that ICI therapies are currently leading the way
for the development of efficacious anti-neoplastic treatments.
Nevertheless, it is yet unclear which mechanisms are driving
resistance to ICI treatments and how to tackle them. The relative
contribution of tumor cell intrinsic and extrinsic factors to
primary, adaptive, and acquired resistance is currently highly
confusing. A deeper understanding of the mechanisms
underlying the complex immunological pathways in cancer
and the molecular mechanisms underlying the PD-L/PD-1
blockade will provide insight into the subject.

Considering all the current evidence, we propose that
performing highly detailed systemic immunological profiling is
right now a requirement for any study involving ICIs. Not only
to identify potential responders, but also to monitor the “real time”
performance of ICI therapies by quantifying the dynamic changes of
immune cell populations. An increasing number of clinical studies
are addressing this particular issue by quantification of the relative
abundance of distinct immunological populations in peripheral
blood. Nowadays, flow cytometry panels composed of more than
10 markers are routinely used for immunological profiling without
the need of setting up CyTOF technologies. In a recent study
published by our group, quantification of the relative proportion of
highly differentiated CD27- CD28- CD4 T cells before the start of
immunotherapies was sufficient to identify a cohort of NSCLC
patients with a high probability of response to PD-L1/PD-1 blockers
(Zuazo et al., 2019). More specifically, responder patients had high
percentages of central and effector memory CD4 T cells. This
analysis relied on a panel of 8 markers to stain T cells from a
small blood sample by standard flow cytometry. Importantly, our
study was validated by the results from two similar studies which
used other alternative T cell markers. The first study correlated the
high baseline frequency of central memory CD4 T cells with
response to immunotherapy in NSCLC and renal cancer patients
using flow cytometry (Julia et al., 2019). In the second study,
NSCLC patients with high baseline percentages of CD62Llow

effector CD4 T cells quantified by CyTOF had a high chance of
responding to PD-L1/PD-1 blockade (Kagamu et al., 2020). The
dynamics and behavior of these CD4 T cell subsets were identical to
those from highly-differentiated memory CD4 T cells in our study,
strongly suggesting that we were all monitoring the same CD4 T cell
subsets but with different markers. Cytotoxicity assays performed
with peripheral T cells have also been shown to have predictive
capabilities for nivolumab efficacy (Iwahori et al., 2019), as well as
the quantification of PD-1+ CD8 T cells in peripheral blood after
administration of PD-1 blockers (Kamphorst et al., 2017).
Therefore, all these studies including our own demonstrate that
simple analytical techniques can be effectively applied in clinical
April 2020 | Volume 11 | Article 441

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chocarro de Erauso et al. Resistance to Immune Checkpoint Blockade
practice for defining an immunological profile based on systemic T
cell subsets without the need of obtaining a tumor biopsy sample.

In addition, the dynamic changes of the immune populations
in peripheral blood provides invaluable clinical information.
Changes in T cell compartments have been recently shown by
others and us to correlate with progression and even
hyperprogression. The study by Kagamu and collaborators
showed that a decrease in peripheral CD62Llow CD4 T cells
right after therapy correlated with acquired resistance (Kagamu
et al., 2020). In our particular NSCLC cohort, a low baseline
percentage of memory CD27- CD28- CD4 T cells correlated with
intrinsic resistance (Zuazo et al., 2019). Moreover, a sudden
increase in highly differentiated CD4 T cells (CD4 THD burst)
following the first cycle of immunotherapy was indicative of
hyperprogressive disease (Zuazo et al., 2018; Arasanz et al.,
2020). The identification of hyperprogressors is also of the
outmost importance, as these patients deteriorate very quickly
with fatal outcomes. Hence, we propose that the generation of a
“systemic immunological file” containing the relative
percentages of at least T cell subsets before and after the first
cycle of immunotherapies will provide the means to identify
patients according to probabilities of response and provide useful
information to the clinician.

Considering the most recent evidence, we do think that an
“immunological file” on each patient provides information over
immediate responses to immunotherapy. However, cancer cells can
select several mutations that interfere with the specific molecular
pathways stimulated by ICI therapies. For example, mutations in
JAK1, JAK2, and beta2-microglobulin in cancer cells abrogate
interferon-mediated apoptosis and prevent PD-L1 up-regulation
by interferons (Zaretsky et al., 2016; Garcia-Diaz et al., 2017;
Sharma et al., 2017; Shin et al., 2017). Some mutations in the
DTSSK domain of PD-L1 present in human carcinomas enhance
the capacities of PD-L1 to counteract IFN-cytotoxicity by interfering
with STAT3 expression and its alternative phosphorylation (Gato-
Canas et al., 2017). Moreover, this inhibition of STAT3 has been
recently shown to activate the inflammasome in cancer cells leading
to the recruitment of granulocytic MDSCs to the tumor and causing
acquired resistance to immunotherapy (Theivanthiran et al., 2020).
The molecular characterization of cancer cells, particularly focusing
on genetic traits and mutations, will identify patients with high risk
of acquired resistance. New generation sequencing is currently on
the increase in clinical oncology, with panels that cover the major
oncogenic and driver mutations. In ICI therapies, it is likely that
new panels covering mutations affecting immunological signaling
pathways and immune checkpoints will be of relevance in the near
future. Currently, this is an expanding research subject that will
surely play a key role in the future oncology.

By a better understanding of the key pathways involved in these
processes, we will develop treatments to effectively counteract
resistance. The identification of truly predictive and prognostic
biomarkers of response is currently a top priority in clinical
practice. Some therapeutic strategies to overcome resistance could
include the modulation of the TME to increase immunogenicity,
overcome T-cell exhaustion, enhance tumor infiltration, and
modulate epigenetic regulation. The incorporation of the
Frontiers in Pharmacology | www.frontiersin.org 9179
“immunological file” to be included in the clinical profile of each
patient could be a practical example. NSCLC patients with
dysfunctional CD4 systemic immunity before starting
immunotherapies have intrinsic resistance (Julia et al., 2019;
Kamada et al., 2019; Zuazo et al., 2019; ; Kagamu et al., 2020). A
closer analysis of these patients uncovered a high co-expression of
PD-1 and LAG-3 (Zuazo et al., 2019), TIM-3 up-regulation (Julia
et al., 2019), or an expansion of Tregs (Kamada et al., 2019). These
patients could therefore be selected on the basis of their “systemic
immunological profile” for combination therapies with anti-PD-1/
anti-LAG-3, anti-PD-1/anti-TIM-3 or anti-PD-1/anti-CTLA4
antibodies. In addition, minimizing immunological escape and the
onset of resistance will be likely achieved by combination therapies
with targeted therapies. Other combinations such as with
chemotherapy, radiotherapy, CAR-T cells, or the application of
additional immune checkpoint blockade agents targeting LAG-3,
TIM-3, CSF1R, IDO, GITR, or CD134 could be the key to achieve
long-lasting clinical responses.
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