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Letter

The Burden of Memory:
Response to Ortega
Ger Rijkers1,2,*

At the time of writing a response to the
letter from Enrique Ortega in this issue of
Trends in Immunology [1], on 15 July
2020, PubMed returned 31 963 results
for the search term ‘COVID-19’i and the
preprint server MedRxiv, another 5175
manuscriptsii. Despite this overwhelming
amount of data, it is still unclear what con-
stitutes a protective immune response,
while such a protective response of the im-
mune system is key to survival of coronavi-
rus disease 2019 (COVID-19). In my
TrendsTalk, I stated that ‘In times of
COVID-19, it would seem as if loss of
memory is the key to survival’ [2]. Dr Ortega
stresses the importance of immunological
memory, and I agree. Indeed, having sur-
vived a primary infection with a given path-
ogen does not guarantee a favorable
outcome of a subsequent infection with
that same pathogen. During the primary re-
sponse of the immune system, effector
cells and molecules are generated, as well
as (T and B) memory cells. Upon re-
exposure to the same pathogen, the mem-
ory cells are activated, generating a faster,
higher, and better response, in many
cases so effective that the infection is
cleared before any clinical symptoms
occur. The progressive decrease in fre-
quency and severity of upper and lower re-
spiratory infections during early childhood
is the best example of development of im-
munological memory in practice [3].

In times of COVID-19, the situation is
completely different. The global population,
young and old, is exposed to a novel virus,
requiring an effective primary immune re-
sponse for survival. For this strain of corona-
virus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the existing

memory against circulating coronaviruses
does not appear to offer clinical protection.
It can even be argued that themajor reason
why SARS-CoV-2 could rise to pandemic
proportions is the lack of cross-reactivity
of existingmemory against other circulating
coronaviruses, although this remains
unknown.

From an evolutionary perspective, it is vital
for the survival of populations that the
young build up immunological memory
against prevalent pathogens. The accumu-
lation and persistence of long-lived memory
cells offers protection during childhood, into
adulthood, and well above the reproductive
age.

The current pandemic has taught us that a
risk factor for severe COVID-19 includes
age: hospital mortality is b5% among pa-
tients younger than 40 years, but increases
to 35–60% for patients aged 70 years and
older [4]. A marked difference between in-
fants and older individuals is a progressive
shift from an immune system comprising
many naïve lymphocytes (both T and B
cells) and fewmemory cells to one that con-
tains mostly memory cells and a smaller
pool of naïve cells [5]. The price to be paid
might be that, at advanced age, an immune
system comprising mainly memory cells
precludes the generation of a robust and ef-
fective primary response against a newly
emerging pathogen.

Resources
ihttps://pubmed.ncbi.nlm.nih.gov/?term=COVID-
19&sort=date&size=200
iiwww.medrxiv.org/search/COVID-19
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Forum

Modeling Potential
Autophagy Pathways
in COVID-19 and
Sarcoidosis
Alain Calender,1,*
Dominique Israel-Biet,2

Dominique Valeyre,3,4,5 and
Yves Pacheco1

Coronavirus disease 2019 (COVID-
19) is caused by severe acute re-
spiratory syndrome coronavirus 2
(SARS-CoV-2) and mainly affects
the lungs. Sarcoidosis is an auto-
inflammatory disease character-
ized by the diffusion of granulomas
in the lungs and other organs. Here,
we discuss how the two diseases
might involve somecommonmecha-
nistic cellular pathways around the
regulation of autophagy.

From COVID-19 to Sarcoidosis
The pandemic induced by SARS-CoV-2
(COVID-19) raises vital questions regarding
the most beneficial putative therapeutic
procedures that could prevent fatal aspects
of acute respiratory distress syndrome
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Figure 1. Model of Molecular Interactions Relevant to SARS-CoV-2 Infection. The figure depicts a
hypothetical model of different physiological common points between granuloma formation mechanisms in
sarcoidosis, and the maintenance of a chronic autoinflammatory state. It also depicts certain immune
responses stemming from SARS-CoV-2 infection that might be connected to the autophagy process.
Abbreviations: ACE, angiotensin-converting enzyme; AT1R: angiotensinogen II receptor type 1; DS RNA,
double-stranded RNA; GRP78, glucose-regulated protein 78; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; TMPRSS2, transmembrane protein serine 2; Th, T helper; TLR3, Toll-like receptor 3;
RIG, retinoic acid-inducible gene I.

(ARDS) induced by this coronavirus strain
[1]. The characteristics of SARS-CoV-2
infection that differ from other common
respiratory lung diseases include the
heterogeneity of clinical symptoms, ranging
from asymptomatic presentations to a
common flu, and in some cases, ARDS
and multiorgan involvement. While COVID-
19 is characterized by a high transmission
rate and represents a major cause of
mortality worldwide, understanding host–
pathogen interactions at various steps of
the viral life cycle is of importance, and
should rely on widespread knowledge
involving animal and human rare disease
models. Sarcoidosis in mammals predis-
poses the lungs to diffuse granulomatosis;
a lesion characterized by tightly formed
conglomerates of lymphocytes and macro-
phages that fuse to form multinucleated
giant cells (MGCs) [2]. Recent work

reported the spontaneous formation of
sarcoidosis-like granulomas in a Tsc2−/−

knockout mouse model of constitutive
mechanistic target of rapamycin complex
(mTORC)1 activation in macrophages [3].
By using whole-exome sequencing of
familial forms of sarcoidosis, our group
identified mutations in genes encoding
essential factors for autophagy regulation,
for example, the mTOR and Rac1 (Ras-
related C3 botulinum toxin substrate 1)
molecular hubs, we posited that this
predisposing state might be related to
constitutional defects in the regulation
of macroautophagy – a crucial process
allowing the clearance of any microbial
and nonmicrobial particles [4]. Similar
mechanisms have been suggested for
other granulomatous and inflammatory
disorders such as Crohn’s disease [5].
Whether patients with sarcoidosis present

differential susceptibility to SARS-CoV-2
infection remains unknown; however,
several projects have been initiated to
address this question [6]. Nevertheless,
highlighting certain common processes
involved in sarcoidosis and COVID-19
might be useful to further our under-
standing of potential mechanisms predis-
posing individuals to severe forms of
SARS-CoV-2 infection.

Certain Viral Infections Might Share
Common Featureswith Sarcoidosis
A large number of immunological and
biochemical arguments have suggested
that the deficient clearance of bacterial
and/or viral, and/or inorganic particles, con-
comitant with various immune defects –

including the occurrence of significant Th1/
Th17 immune responses initiated by anti-
gen presentation and impaired regulatory
T cell functions – might be associated
with human sarcoidosis [2]. Accordingly,
human viruses, including coronaviruses
and herpes viruses, might take advantage
of autophagy processes by bypassing
certain regulatory mechanisms of the
latter – for example, from the initial steps
of autophagosome formation, to further
autophagosome fusion with lysosomes,
to proteolytic degradation by lysosomal
proteases – thus evolving various strate-
gies to either escape or inhibit host cell de-
fenses [1]. There is a strong, but finely
regulated, interaction between autophagy,
programmed cell death, and apoptosis.
Cell entry of SARS-CoV-1 and -2 depends
on binding of viral spike (S) proteins to
cellular receptors such as angiotensin-
converting enzyme (ACE)2, expressed on
mucosal and bronchial cells in humans, in
concert with the serine protease trans-
membrane protease serine 2, mediating
S protein cleavage (S1+S2) and matura-
tion [1]. Of note, SARS-CoV-2 protein
has a high affinity for human ACE2, a
membrane-bound peptidase highly
expressed in the heart, lungs, and digestive
and renal tracts; this molecular interaction
leads to a membrane fusion process and
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further formation of syncytia with multinu-
cleated alveolar epithelial cells (Figure 1)
[7]. Nevertheless, pathological examination
of lung biopsy tissues from COVID-19 pa-
tients has shown the presence of inflamma-
tory clusters including mononuclear MGCs
and CD4+ T lymphocytes, an observation
reminiscent of MGCs in sarcoidosis [8].
Moreover, in both sarcoidosis and COVID-
19 patients, alveolar lymphocytosis and
lymphopenia have been observed in certain
cases and considered as potential
predictive indicators of a severe course
for the two diseases [1,2]. Relevant to our
discussion, SARS-CoV-2 downregulates
ACE2 by carrying the receptor with it in the
cell during infection, leading to increased
concentrations of angiotensinogen II and
its degradation products, which at high
amounts, stimulate apoptosis and are nega-
tive regulators of autophagy [1]. In sarcoido-
sis, the renin–angiotensin system remains a
research focus given that certain ACE2poly-
morphisms have been implicated in the
progression of pulmonary sarcoidosis [1].
Furthermore, molecular and bioinformatics
studies have shown that the SARS-CoV-2
spike protein can also bind to the glucose-
regulated protein 78 or heat shock 70 kD
protein 5 cell-surface receptor, known to
activate autophagy through the AMP
kinase–mTOR pathway [9]. Indeed, the
spike protein of coronaviruses is considered
to be the main driving force for host cell
recognition. Under homeostatic conditions
in rat liver and human fibroblasts, SARS-
CoV-2 RNA and proteins are found in the
vesicular system, driven by the endoplas-
mic reticulum (ER), and then joining auto-
phagosomes associated with lysosomes
and the lytic autophagic process. Different
cellular receptors such as Toll-like receptor
3 and retinoic acid inducible gene 1 –

closely related to autophagy activation in
mammalian granulocyte and macrophage
models – have been implicated in innate im-
munity response to RNA virus infections –

for example, coronavirus, measles virus,
hepatitis viruses, and influenza virus infec-
tions [10]. In sarcoidosis, 1–10% of patients

develop opportunistic infections, mostly re-
lated to fungi – for example, Aspergillus
sp., Cryptococcus neoformans, and myco-
bacteria; they can also develop progressive
multifocal leukoencephalopathy due to
opportunistic polyomavirus infection [11].
These clinical observations raise the ques-
tion of what the sensitivity of patients with
sarcoidosis to respiratory viral disease
is, such as that induced by SARS-CoV-2
infection (COVID-19) – presently being
explored in several international projects
[6]. These studies take into account current
treatments and pulmonary status of pa-
tients. We hypothesize that the defect in
autophagy observed in sarcoidosis patients
might also decrease the traffic of viral
RNA into vesicles for viral infections, similar
to what might be observed for nanoparticles
in experimental mouse models. We high-
light the possibility that genetic predispo-
sition involving pathogenic variants in
genes encoding regulating factors of
autophagy might contribute – at least in
part – to the deleterious clinical evolution
of COVID-19 in a significant proportion
of individuals devoid of comorbidities.
However, this possibility remains to be
robustly tested. Nevertheless, we posit
that furthering such knowledge may be
vital for either preventing severe and irre-
versible lung lesions, and/or adapting
candidate therapies in the most progres-
sive forms of SARS-CoV-2 infection. This
also raises the question of what these ge-
netic susceptibilities to COVID-19 forms
might be, as these might be related to
various stages of SARS-CoV-2 infection,
thus calling for a definition of all steps of
host–pathogen interactions at the protein
level during this type of infection.

Modulation of Autophagy as a
Therapeutic Challenge in COVID-19
Clearly, the substratum of host–pathogen
interactions must be related to the genetic
background of individuals, thus contributing
to the diversity of clinical expression. This
is the reason why we argue that it will be
relevant to test pharmacological agents

capable of modulating regulatory hubs
of autophagy. Many of these compounds
have strong immunosuppressive effects
and are therefore considered deleterious to
treating infectious diseases. Certain mTOR
or Rac1 inhibitors derived respectively
from rapamycin and azathioprine activate
autophagy, and are considered as alterna-
tive therapies in severe/specific forms of
sarcoidosis [1]. Chloroquine, a well-known
antimalarial preventive and curative treat-
ment, brought numerous clinical trials
and was considered as a potential efficient
therapeutic agent in COVID-19. Paradoxi-
cally, chloroquine inhibits autophagy by
impairing autophagosome fusion with
lysosomes in U2OS and HeLa cells [12].
Of note, this antimalarial agent induces
apoptosis by activating ER stress pathways
and is frequently used in the treatment of
skin sarcoidosis [1]. Chloroquine might
act at various stages of viral infection
(e.g., fusion of viral envelope with host
cell membranes, decreasing intraluminal
acidity, post-translational modifications
of viral proteins, export of viral antigens)
and contribute to trigger T cell responses
and/or inhibition of cytokine production,
that is, interleukin (IL)-1, IL-6 and tumor
necrosis factor [12]. However, the real
benefit of chloroquine remains highly con-
troversial and warrants thorough investiga-
tion. Azithromycin, a macrolide that might
be combined with chloroquine or other
antiviral therapies, has been reported to
downregulate mTOR in vitro in regulatory
T cells from healthy human donors, and
might thus potentially activate autophagy
[13]. Rifampicin and isoniazid, commonly
used for tuberculosis treatment, can also
activate autophagy, as evidenced from
in vitro isoniazid treatment of human
hepatocarcinoma HepG2 cells, and thus,
might be expected to increase microbial
clearance [14]. Such agents await robust
testing.

Concluding Remarks
We argue that to build effective and safe
therapeutic models, a combinatorial
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approach to treating infectious diseases
(viral, bacterial, and fungal) in large popula-
tions affected by COVID-19, as well as in
autoinflammatory diseases, should take
into account the respective functional
effects of therapeutic agents on the path-
ways regulating ER stress, apoptosis,
and macroautophagy (xenophagy). To
date, nearly 20 published reports analyzed
the human SARS-CoV-2 interactome
by pathway enrichment protocols and
identified target genes, some of which
are putatively involved in sarcoidosis or
other autoinflammatory diseases [15]. We
posit that rare diseases such as sarcoido-
sis might offer excellent models to test and
adapt certain existing treatments to com-
mon infections.

Acknowledgments
This work was performed in the framework of a

national clinical and research group working on sar-

coidosis, Group Sarcoidosis France, and is supported

by grants from the Fondation Maladies Rares (France)

and the French Research Ministry (INNOVARC–

Direction Générale de l'Offre de Soins, DGOS, 12-

027-0309). The authors declare that they have no

competing interests.

1Department of Genetics, University Hospital, University Claude
Bernard Lyon 1, Lyon, France
2Department of Pulmonology AP-HP, Georges Pompidou
European Hospital, Paris, France
3Department of Pulmonology, Avicenne Hospital, Bobigny,
France
4Saint Joseph Hospital, APHP, Paris, France
5University Sorbonne Paris Nord, INSERM UMR 1272,
Villetaneuse, France

*Correspondence:
alain.calender@chu-lyon.fr (A. Calender).

https://doi.org/10.1016/j.it.2020.08.001

© 2020 Elsevier Ltd. All rights reserved.

References
1. Fung, T.S. and Liu, D.X. (2019) Human coronavirus: host-

pathogen interaction. Annu. Rev. Microbiol. 73, 529–557
2. Grunewald, J. et al. (2019) Sarcoidosis. Nat. Rev. Dis.

Primers 5, 45–57
3. Linke, M. et al. (2017) Chronic signaling via the metabolic

checkpoint kinase mTORC1 induces macrophage granu-
loma formation and marks sarcoidosis progression. Nat.
Immunol. 18, 293–302

4. Calender, A. et al. (2019) Exome sequencing and
pathogenicity-network analysis of five French families impli-
cate mTOR signalling and autophagy in familial sarcoidosis.
Eur. Respir. J. 54, 1900430

5. Wang, T. et al. (2020) Autophagy and gastrointestinal
diseases. Adv. Exp. Med. Biol. 1207, 529–556

6. Southern, B.D. (2020) Patients with interstitial lung disease
and pulmonary sarcoidosis are at high risk for severe illness
related to COVID-19. Cleve. Clin. J. Med. Published online
June 18, 2020. https://doi.org/10.3949/ccjm.87a.ccc026

7. Musarrat, F. et al. (2020) The anti-HIV drug nelfinavir mesylate
(Viracept) is a potent inhibitor of cell fusion caused by the
SARSCoV-2 spike (S) glycoprotein warranting further evalua-
tion as an antiviral against COVID-19 infections. J. Med. Virol.
Published online May 6, 2020. https://doi.org/10.1002/
jmv.25985

8. Tian, S. et al. (2020) Pulmonary pathology of early-phase
2019 novel coronavirus (COVID-19) pneumonia in two
patients with lung cancer. J. Thorac. Oncol. 15, 700–704

9. Ibrahim, I.M. et al. (2020) COVID-19 spike-host cell receptor
GRP78 binding site prediction. J. Infect. 80, 554–562

10. Crosse, K.M. et al. (2018) Interferon-stimulated genes as
enhancers of antiviral innate immune signaling. J. Innate
Immun. 10, 85–93

11. Jamilloux, Y. et al. (2015) The spectrum of opportunistic
diseases complicating sarcoidosis. Autoimmun. Rev. 14,
64–74

12. Devaux, C.A. et al. (2020) New insights on the antiviral
effects of chloroquine against coronavirus: what to expect
for COVID-19? Int. J. Antimicrob. Agents 55, 105938

13. Weng, D. et al. (2019) Azithromycin treats diffuse
panbronchiolitis by targeting T cells via inhibition of
mTOR pathway. Biomed. Pharmacother. 110,
440–448

14. Genestet, C. et al. (2018) Antituberculous drugs modulate
bacterial phagolysosome avoidance and autophagy
in Mycobacterium tuberculosis-infected macrophages.
Tuberculosis (Edinb.) 111, 67–70

15. Sadegh, S. et al. (2020) Exploring the SARS-CoV-2 virus-
host-drug interactome for drug repurposing. Nat. Commun.
11, 3518

Forum

Cell Cycle Regulation
Meets Tumor
Immunosuppression
Jinyang Li1,2,3 and
Ben Z. Stanger 1,2,3,*

Reciprocal interactions between
tumor cells and immune cells shape
the tumormicroenvironment. Recent
studies indicate that enhanced cell
cycle activity in cancer cells sup-
presses antitumor immunity. Herein
we discuss potential mechanisms
by which cell cycle programs intrin-
sic to tumor cells are coupled to im-
mune behavior, with consequences
for immunotherapy.

Tumor Cell Intrinsic Features
Modulate Antitumor Immunity and
Immunotherapy Sensitivity
Immunotherapy has significantly improved
clinical care for cancer patients with vari-
ous types of malignancies. However,
most patients remain refractory to immu-
notherapy as a result of local immunosup-
pression, and lack of T cell infiltration in
the tumor microenvironment (TME) [1].
Tumor cells themselves play a central role
in this phenomenon, either by changing
their surroundings through the release of
cytokines, or by rendering themselves
resistant to immune attack, downregulat-
ing elements of the antigen presentation
machinery, or upregulating immunosup-
pressive molecules [1]. Although additional
mechanisms remain to be discovered,
studies of tumor immunity have yielded
another interesting observation. Across
tumor types, immunotherapy-resistant
‘cold’ tumors (see Glossary) may exhibit
elevated oncogenic signaling, including
hyperactivation of MYC, KRAS, MTOR,
and WNT [1]. Accumulating evidence has
suggested that there is a correlation be-
tween ‘cold’ tumors and increased tumor
cell cycle progression. This forum article
builds on recent literature to consider
the hypothesis that the hyperactivation of
cell cycle programs in tumor cells confers
protection from immune surveillance. This
concept has strong implications for cancer
therapy, as it suggests that existing drugs
that exert effects on the cell cycle, may
potentially have the added (and untapped)
benefit of sensitizing tumors to immune
modulators.

Pharmacological Inhibition of the
Cell Cycle Can Promote Antitumor
Immunity
Progression through the cell cycle de-
pends on the coordinated expression and
activity of cyclins and cyclin-dependent
kinases. Cyclin-dependent kinases 4 and 6
(CDK4/6) represent particularly promising
targets for therapeutic intervention, as
their function (i.e., activating the E2F
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