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Abstract
Natural killer (NK) cells are innate lymphocytes with potent activity against a wide range of viruses. In
SARS-CoV-2 infection, NK cell activity might be of particular importance within lung tissues. Here, we
investigated whether NK cells with activity against Spike+ cells are induced during SARS-CoV-2 infection
and have a role in modulating viral persistence beyond primary clearance from nasopharyngeal and
tracheal tissues. We performed an integrated analysis of NK cells and macrophages in blood and
bronchoalveolar lavage �uids (BALF) of COVID-19 convalescent non-human primates in comparison to
uninfected control animals. SARS-CoV-2 protein expression was detected for at least 9–18 months post-
infection in alveolar macrophages. Convalescent animals segregated into two groups based on cellular
phenotypes and viral persistence pro�les in BALF. The animals with lower persistent antigen displayed
macrophages with a regulatory phenotype and enhanced MHC-E restricted NK cell activity toward cells
presenting peptides derived from the SARS-CoV-2 Spike protein leader sequence, while NK cell activity
from the other convalescent animals, control animals and healthy humans were strongly inhibited by
these Spike peptides. The adaptive NK cell activity was not detected in blood but in tissue-resident NK
cells, and cross-reacted against MERS-CoV and SARS-CoV Spike-derived peptides.

Introduction
The alveolar membrane is the largest surface of the body in contact with the outside environment,
making the lungs the most vulnerable organ of the whole body to microbial assault 1. Protection of this
barrier needs a rapid and effective immune response to prevent pathogen infections and spread.
Concomitantly, the duration and the amplitude of the resulting in�ammation must be e�ciently controlled
to avoid tissue damage. From a global and historic perspective, the scope and scale of lower respiratory
tract infections is greater than most other infections. Indeed, viral pneumonias are among the most lethal
and pathologic human diseases. The current global outbreak of severe acute respiratory syndrome
caused by the type 2 coronavirus (SARS-COV-2) is a dramatic contemporary example of the ability of viral
pneumonias to rapidly disseminate and cause severe disease in human populations. SARS-CoV-2
replicates in both upper and lower airways2, and viral RNA is typically detected in patients 1–3 days
before the onset of symptoms, with viral load in the upper respiratory tract peaking within the �rst week
of infection, followed by a gradual decline over time. SARS-CoV-2 infection triggers cellular and humoral
immune responses as well as activation of neural pathways, which contribute to distant in�ammatory
effects. Although it is generally considered that SARS-CoV-2 is an acute infection that does not become
chronic, a growing number of studies suggest that some SARS-CoV-2-infected individuals do not clear the
virus over long periods of time3–6.

Macrophages are innate immune cells that sense and respond to microbial threats by producing
in�ammatory molecules, phagocytosing pathogens and promoting tissue repair. A dysregulated
macrophage response can be damaging to the host, as for instance in infection-induced macrophage
activation syndrome as observed during SARS-CoV-2 infection7,8. Macrophages are abundant in the lung,
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comprising about 70% of the total leukocyte population9. Monocytes and macrophages can both be
infected by SARS-CoV-2 through ACE2-dependent and ACE2-independent pathways10–14.

Natural killer (NK) cells are innate immune responders critical for viral clearance and immunomodulation.
Interferon-alpha (IFN-α) is known for its activating role on NK cells. Despite their vital role in viral
infections, the contribution of NK cells to SARS-CoV-2 immunity is not clear15,16. NK cell frequencies
decrease in the blood during the early phase of SARS-CoV-2 infection17 − 19, and display an exhaustion
phenotype20 − 22. NK cells from healthy individuals can directly kill SARS-CoV-2-infected cells in vitro, but
NK cells from individuals with a moderate or severe disease displayed impaired NK cell activity20. Recent
reports showed a correlation between high levels of NK cells in the blood and a rapid decline in viral
load20. The rapid decrease of blood NK cells might be due to their death and/or to recruitment to the
lungs or other tissues23. Previous studies on NK cells in other viral infections have clearly shown that
tissue NK cells display distinct characteristics than NK cells in the blood. During SARS-CoV-2 infection, it
is therefore essential to get insights on NK cells not only present in the blood but also in tissues,
particularly in respiratory mucosal tissues.

The lung seems to provide an environment propitious for the development of adaptive-like NK cells24.
Adaptive NK cells have been predominantly described during chronic infections, such as CMV and SIV
infections 18,25−28. A common denominator for the majority of adaptive NK cells is the expression of the
activating heterodimeric receptor CD94/NKG2C that binds to HLA-E. The latter is a non-classical HLA
molecule that displays a comparably restricted expression pattern, very limited polymorphism and binds
hydrophobic nonamers29. The strength of the HLA-E/NKG2C interaction in conjunction with variable
conditions of co-stimulation and a favorable cytokine milieu is considered to be the molecular basis for
the complex inter- and intra-individual heterogeneity of adaptive NK cells. In CMV infection, presentation
of the viral peptides via HLA-E on monocyte/macrophages might be key for a secondary expansion of NK
cells29. An increase of adaptive NK cells in blood from patients with severe COVID-19 has been reported,
although the identi�cation of adaptive NK cells was based solely on cell phenotype without any
functional analysis nor data in tissues18.

Here we took advantage of a non-human primate model (cynomolgus macaques) to evaluate NK cells in
tissues after SARS-CoV-2 infection. We raised the hypothesis that adaptive NK cells arise preferentially in
the lung in response to SARS-CoV-2 infection. We searched for SARS-CoV-2 derived peptides capable to
bind to HLA-E and modulate NK cell activity. We investigated the presence of SARS-CoV-2-trained NK cells
in the blood and lung. We performed functional assays to identify the presence of adaptive NK cells and
evaluated whether they can be detected in the blood and/or in the lung. We analyzed whether the
presence of Spike-speci�c adaptive NK cells is associated or not with viral persistence. Our study reveals
the presence of viral antigen in alveolar macrophages up to at least 18 months after SARS-COV2
infection in macaques. Moreover, we uncover an association between lower level of persisting viral
antigen in alveolar macrophages and the activity of Spike-speci�c adaptive NK cells in the lung.
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Results

Persistent phenotypic alterations in bronchoalveolar
macrophages from SARS-CoV-2 convalescent non-human
primates
We aimed to investigate if viral antigens could persist over prolonged periods of time after SARS-CoV-2
infection in the lung and continue to stimulate immune cells. We used the nonhuman primate model to
address this question in order to have access to tissues while still being as close as possible to the
human infection and to human tissue parameters. Fifteen cynomolgus macaques were infected with
SARS-CoV-2 (Wuhan strain) and followed between 6 and 18 months (Supplementary Table 1) as
previously described30. The viral load (VL) in tracheal and nasal swabs reached median peak levels of
7.9x108 copies/ml by day 3 post-infection (p.i.) (Suppl. Figure 1). All animals subsequently became PCR
negative by day 14 p.i., and remained negative for the presence of SARS-CoV-2 RNA in nasal and tracheal
swabs during the entire follow-up (Suppl. Figure 1). We investigated whether the virus could be present in
other body parts of the animals after convalescence. Alveolar macrophages reside on the epithelial
surface of the alveoli and are thus in direct contact with the environment and foreign particles entering
the lungs, where they have been described to be infected by some pathogens, including bacteria and
viruses31–34. To characterize the alveolar macrophages from the convalescent monkeys, we collected
bronchoalveolar lavage �uids (BALF) from the 15 animals between 6 and 18 months after SARS-CoV-2
infection and compared them with BALF samples obtained from 7 healthy cynomolgus macaques that
were never infected with SARS-CoV-2. We used multi-parameter �ow cytometry and unsupervised
analysis to investigate macrophage phenotypic pro�les. The strategy for gating the macrophages is
illustrated in Fig. 1a. Despite the long time after infection, we found that BALF macrophages segregated
according to healthy and convalescent monkeys (all 15 animals except one) (Fig. 1b and 1c).
Macrophages isolated from convalescent monkeys generally displayed higher levels of CD206, CD4,
CD11c, CD226, MHC-E and IL-10 expression, and lower CD16 and CXCR4 expression when compared to
healthy animals (Fig. 1b-d). Thus, macrophages from convalescent monkeys were clearly distinct from
those in control monkeys.

We next compared the macrophage phenotypes between the convalescent animals. Using principal
components analysis (PCA) based on 12 phenotypic parameters, convalescent monkeys also clustered
separately from healthy controls. Moreover, convalescent monkeys segregated into two groups (Fig. 1e).
Seven out 15 monkeys clustered together and were de�ned as group 1 (monkeys COV_2,_4,_5,_7,_8,_10
and _15), whereas the 8 other animals clustered in another group denominated here group2 (monkeys
COV_1,_3,_6,_9,_11,_12,_13,_14) (Fig. 1e). Differences between the two groups of convalescent monkeys
were driven by higher frequencies of macrophages expressing HLA-DR, CD11c, CD206, CD226, MHC-E
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and IL-10 in group 2 compared to group 1 and/or healthy monkeys (Fig. 1f and Supp. Figure 2a). Thus, in
particular, group 2 macrophages showed a regulatory/M2 like phenotype.

Given the difference in the macrophage phenotype among convalescent monkeys, we analyzed whether
there were differences in VL during primary infection between the two animal groups. We compared the
area under the curve (AUC) of VL as quanti�ed by PCR in the nasal and tracheal swabs during the acute
phase of the infection between each group (Supplementary Fig. 3). The AUC VL were higher in group 1
than group 2 in tracheal swabs (Fig. 1g). Group 1 also showed a trend for higher VL in tracheal swabs at
day 1 p.i as compared to group 2 (p = 0.09). Collectively, our results show that BALF macrophages
displayed profound alterations even after a long period after SARS-CoV-2 infection, suggesting an
imprinting of the alveolar macrophages. Of note, monkeys with the strongest imprinted pro�le toward
regulatory M2-like macrophages (group 2) were those showing the lowest VL during acute infection.

Detection of SARS-CoV-2 protein in alveolar macrophages
one year post-SARS-CoV-2 infection
We then investigated whether SARS-CoV-2 could be present in the lung despite the fact that the animals
became PCR negative in nasal and tracheal swabs by probing viral antigens in alveolar macrophages of
the 15 convalescent monkeys. To this end, we performed an antibody-based �uorescent staining of
SARS-CoV-2 Spike in alveolar macrophages in vitro, and detected Spike protein expression to variable
extents in the animals (Fig. 2a). To quantify the frequency of macrophages harboring viral Spike protein
and its expression level, we performed ex-vivo intracellular �ow cytometry staining of Spike protein in
BALF cells from the 15 convalescent and 7 control monkeys (Fig. 2b). The median frequency of Spike+

macrophages was 21.3%, ranging from 6.1 to 72.7% depending on the animal (Fig. 2c). The seven
monkeys from group 1 showed the highest frequencies of Spike+ macrophages (median = 38.80%), and
were among the 9 animals displaying frequencies around or above the median levels (Fig. 2c). To con�rm
the presence of the virus, we searched for viral RNA in the BALF cells. A RT-qPCR was applied to all
available samples (6 animals per group). SARS-CoV-2 RNA was detected in BALF cells to a variable
extent among the animals (Fig. 2d). Viral RNA levels were higher in group 1 than group 2 animals
(Fig. 2d). Thus, these analyses allowed identifying animals with high frequencies of alveolar
macrophages positive for SARS-CoV-2 Spike protein and viral RNA even after 6–18 months post-
infection, in particular in group 1.

Spike+ alveolar macrophages display a distinct phenotype
We next aimed at determining the phenotype of BALF macrophages harboring Spike proteins. SARS-CoV-
2+ macrophages were gated manually and projected onto a Uniform Manifold Approximation and
Projection (UMAP) plot as shown in Fig. 1b. Most Spike+ macrophages clustered together (Fig. 2e).
Spike+ macrophages from both groups expressed higher levels of CD14, CD16, CXCR4, and lower levels
of CD206, CD11c, MHC-E and IL-10 as compared to Spike− macrophages (Fig. 2f).
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To identify subsets of Spike+ macrophages and to quantify potential inter-group differences in their
relative abundance, a PhenoGraph algorithm was applied to the BALF macrophages rendering 30 distinct
clusters (Fig. 2g and h). Among them, clusters LWHT_2, 5, 9, 12, 14,18, 23 and 24 were predominantly
found in the control monkeys (Fig. 2h-i and Supplementary Fig. 4a). Their BALF macrophages were
characterized by a stronger expression of CD16 and CD64, CD163 and HLA-DR (Fig. 2j). Group 1
contained higher frequencies of clusters LWHT_3, 4, 6, 7, 8 and 10 compared to control animals (Fig. 2h-i
and Supplementary Fig. 4a). The clusters LWHT_3 and 7 expressed high levels of the Spike protein and
corresponded to macrophages expressing higher levels of CD14 and low levels of CD4, CD206, IL-10 and
MHC-E (Fig. 2j). Consistent with these �ndings, the tracheal swab VL (AUC) in acute infection correlated
positively with CD14 and CXCR4 expression (p = 0.05, r = 0.52 and p = 0.025, r = 0.58, respectively)
(Supplementary Fig. 4b). The other clusters with high level of Spike proteins were LWHT_21, 22, and 26,
but their frequencies were below 0.43, 0.1 and 0.27% respectively (Supplementary Fig. 4a). Group 2
displayed higher levels of clusters LWHT_1 compared to Group 1 and control animals. Cluster LWHT_1
corresponded to macrophages expressing high levels of CD4, CD206, IL-10 and MHC-E (Fig. 2i). When
comparing the expression levels of all markers to each other, IL-10 and MHC-E expression were strongly
correlated (p = 1.89e-7, r = 0.95), further indicating that they are expressed by the same subpopulations
(Supplementary Fig. 4b). Altogether, most macrophages harboring Spike protein displayed a similar
phenotype, corresponding to the predominant macrophage phenotype in group 1 and distinct from the
regulatory-like macrophages in group 2.

Elevated NK cell levels in BALF of group 2 convalescent
monkeys
We next assessed whether NK cells differed between group 1 and group 2 convalescent monkeys. NK
cells were gated as commonly described for macaque NK cells (i.e. CD45+CD3−CD20−NKG2A/C

+)35,36

(Supplementary Fig. 5a). In Old world monkeys, such as macaques, most NK cells express NKG237, but
the antibodies available for these species do not differentiate between NKG2A and NKG2C and we
therefore used the nomenclature NKG2A/C here. We �rst analyzed if NK cell tissue distribution was
altered 6–18 months post-infection. NK cells were quanti�ed in the lungs (BALF), blood and bone marrow
by �ow cytometry (Supplementary Fig. 5a). NK cell frequencies in blood from group 1 convalescent
monkeys were higher than in healthy and group 2 monkeys (Fig. 3a). Conversely, NK cell frequency in
BALF was higher in group 2 than in healthy and group 1 monkeys (Fig. 3a). No difference was seen
regarding bone marrow NK cell frequency between the groups (Fig. 3a).

Since we observed different NK cell frequencies in the blood and BALF depending on the animal group,
we next determined by �ow cytometry the frequency of major tra�cking receptors for NK cells (CCR7,
CD62L, CXCR3 and CXCR4) in the blood and BALF. CXCR3 is considered as the major homing receptor for
human NK cells to the lung, also during SARS-CoV-2 infection38,39. The frequencies of CXCR3+ and
CCR7+ NK cells in BALF were higher in group 2 than group 1. There was no difference regarding CD62L
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between the groups (Fig. 3b and 3c). This pattern is indicative of a higher capacity of NK cells from group
2 to home to the lung compared to group 1. However, CXCR3+ NK-cell frequencies were increased in blood
of group 1 as compared to group 2 and control animals. Additional mechanisms could participate to the
differences between animals in term of NK cell distribution pattern. We reasoned that the increases of NK-
cell frequency in lung of convalescent monkeys from group 2 might also be due to in-situ expansion of
resident NK cells. Therefore, we next analyzed markers linked to tissue residency. By analogy with tissue
resident human T lymphocytes and NK cells, we investigated the expression of CD69, the integrin CD49a
and CD103 (Fig. 3d). NK cells in BALF expressing the tissue residency markers CD49a or CD69 were
increased in all convalescent monkeys or in group 2, respectively. We also analyzed Ki-67 expression as a
marker of recent proliferation. The NK cells from BALF showed higher expression levels of Ki-67 than
those from the blood or bone marrow (Fig. 3d and Fig. 4a-b). Frequencies of Ki-67 NK cells were higher in
group 2 than group 1 in BALF. Together, these results demonstrate altered tissue distributions of NK cells
in the convalescent monkeys. They indicate that NK-cell homing behavior differs between convalescent
and healthy monkeys. NK cells from group 1 animals were increased in blood but not in BALF suggesting
an impaired homing capacity to the lung. In contrast, NK-cell frequencies were increased in BALF of group
2 as compared to the other animals, and this was associated with a higher tissue homing receptor
expression (CXCR3, CCR7), stronger proliferation (Ki-67) and lung tissue residency markers (CD49a,
CD69) suggesting in-situ differentiation.

Convalescent animals with regulatory-like macrophages
also harbor distinct NK cells in BALF
To determine if SARS-CoV-2 infection can have a long-term impact on the function and composition of
the NK-cell pool, �ow cytometric analysis of NK cells from blood, BALF and bone marrow was performed
including 12 phenotypic markers of function and tissue residency via an unsupervised approach. We
applied an UMAP analysis on tissue NK cells (Fig. 4a-c). PCA analysis showed that monkeys belonging to
group 2 clustered together and harbored phenotypic NK-cell populations clearly distinct from control and
group 1 animals in BALF (Fig. 4d). Conversely, monkeys in group 1 displayed NK-cell populations in BALF
similar to those in control monkeys (Fig. 4d). The same approach performed on NK cells from blood and
bone marrow showed differences between control and convalescent animals but did not allow to cluster
the animals into groups (Fig. 4d). Thus, NK cells in BALF clustered distinctly according to the tissues. In
BALF, NK cells from group 2 were more distinct from control animals than group 1.

We further dissected the segregation pro�les of NK-cell populations (Fig. 4e and Supplemental Fig. 5a
and 5b). In BALF, group 2 monkeys showed decreased frequencies of NK cells expressing NKp44 and IFN-
g, and increased levels of NKP80 + and CD107a+ NK cells when compared to control and group 1
monkeys, as well as increased levels of cells expressing Ki-67 and GZMb when compared to control
monkeys (Fig. 4f). Thus, NK cells from group 2 segregated from the other animals in BALF and displayed
a highly differentiated, cytotoxic phenotype.
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We next asked whether there is a relation between the frequency of Spike+ macrophages in BALF and the
NK cell phenotype. We analyzed the potential correlations between the levels of Spike+ macrophages and
NK cells expressing functional markers (IFN-g, CD107a, GzB) and/or markers of education (NKG2A/C)
(Fig. 4g). Both in the BALF and blood, NKG2A/Clow NK cells, which are generally considered as cells with
a more educated phenotype40,41, correlated negatively with the levels of Spike+ macrophages. In addition,
CD107a NK cells in BALF also correlated negatively with Spike+ macrophage frequencies (Fig. 4g). In
contrast, IFN-g+ NK cells correlated positively with the frequency of Spike+ macrophages in BALF
(Fig. 4g). Thus, NK cells with a phenotype frequently found in group 1 correlated positively with
macrophage-associated persisting antigen load, while the cytotoxic NK cells from group 2 correlated
negatively with the antigen load.

Peptides derived from the Spike protein leader sequence bind to HLA-E and inhibit NK cell activity

Next, we aimed to analyse whether NK cells of group 2 harbor a stronger antiviral activity. Based on our
results showing an up-regulation of MHC-E on macrophages in group 2, we �rst investigated whether NK
cells in group 2 were trained to speci�cally recognize Spike+ target cells in a MHC-E dependent manner.
We set up a functional assay to analyze MHC-E restricted viral suppressive activity of NK cells toward
target cells presenting Spike antigens via MHC-E. To this end, we searched for SARS-CoV-2-derived
peptides with a high probability of binding to MHC-E. We analyzed the whole Spike protein but focusing
on the leader sequence (LS), assuming a higher probability in identifying peptides binding to MHC-E in
vivo in analogy to the cellular peptides that generally bind to MHC-E and that derive from the LS of
classical MHC class I molecules42 (such as the VL9 peptide) or from the LS of the stress protein Hsp6043.
We analyzed the Spike LS of SARS-CoV-2 as well as those of MERS-CoV and SARS-CoV-1. We used the
Immune Epitope Data Base (IEDB) tool to predict the capacity of Spike-derived peptides to bind to HLA-
E*0101 and HLA-E*0103, the only two functional HLA-E alleles in humans. We found > 60 nonamer
peptides (out of 1169, 1087 and 1097 analyzed Spike peptides from MERS-CoV, SARS-CoV-1 and SARS-
CoV-2, respectively) showing a probability to be loaded by HLA-E (Fig. 5a). Among those, we selected
peptides encoded by sequences similar to the canonical sequence motif of HLA-E binding peptides44. In
this way, 2, 6 and 7 peptides were identi�ed for MERS-CoV, SARS-COV-1 and SARS-CoV-2, respectively
(Fig. 5b and 5c). These peptides were all localized in similar regions of the LS from all three viruses
(between amino acid positions 2–11, 10–24 or 40–56) (Fig. 5b). The 15 Spike LS-derived peptides were
then analyzed for their capacity to stabilize HLA-E at the cell surface (HLA-E needing to bind peptides to
be stably presented at the cell surface). The viral peptides increased in a concentration dependent
manner the HLA-E expression on MHC-I devoid K562 cells stably transduced with HLA-E*0101 (K562-
E*0101) (Fig. 5d), indicating that these peptides are able to bind HLA-E. HLA-E expression levels varied
depending on the peptide, suggesting distinct HLA-E biding properties between the peptides.
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We then analyzed NK cell activity against target cells presenting Spike LS-derived peptides via HLA-E. To
validate the assay, we �rst studied NK cells from human healthy donors. These donors were all naïve of
SARS-CoV-2 infection or vaccination. NKG2A+ NK cells from the donors were co-cultured with K562-
E*0101 cells pre-loaded or not with the peptides, and NK-cell degranulation activity was measured by
measuring CD107a expression (Fig. 5e and 5f). As expected, the HLA-I-derived VL9 control peptide
inhibited NK cell activity, while the control Hsp60 peptide did not, validating our assay (Fig. 5f). When
pulsing cells with the viral peptides, NK cell activity was modulated in a peptide dependent manner. For
instance, peptide 310 from MERS-CoV, peptide 315 from SARS-CoV-1 and peptides 319, 321 and 325
from SARS-CoV-2, blocked NK-cell degranulation, whereas the other peptides did not. Of note, peptides
310, 315 and 319 all mapped in the N-terminal portion of the LS for each virus (positions 2–11) (Fig. 5b),
suggesting a key role of this region in inhibiting the MHC-E dependent NK-cell activity.

We next performed the assay using NK cells from the control monkeys, and focused on the peptides
having shown the capacity to modulate human NK-cell activity (peptides 310, 315, 319 and 321). As
expected, the VL9 peptide inhibited the NK cells isolated from the blood of control monkeys, while the
HSP60 peptide did not (Fig. 5g). Two out of the four peptides (peptides 310 and 315) blocked
degranulation similarly to VL9 (Fig. 5g). NK cells isolated from BALF of control monkeys were inhibited
by SARS-CoV-2 peptides even more strongly than those from the blood as the four viral peptides inhibited
their degranulation (Fig. 5h).

NK cells with enhanced MHC-E restricted Spike-speci�c
activity in BALF of group 2 convalescent animals
Since we observed changes in the NK-cell phenotype in the convalescent monkeys as compared to
healthy monkeys, and in particular signs of more educated and cytotoxic NK cells in group 2, we
compared the MHC-E dependent suppressive activity of NK cells isolated from convalescent monkeys.
The MHC-E dependent suppressive activity of NK cells in blood was similar between control and
convalescent monkeys (Fig. 5i). Thus, the LS-Spike peptides also inhibited activity of NK cells from
convalescent monkeys in blood. We then analyzed NK cells from BALF. MHC-E-dependent NK-cell activity
was inhibited by the LS-spike peptides in healthy and group 1 convalescent monkeys (Fig. 5j). In contrast,
NK cells isolated from group 2 showed a strong activity against all LS-Spike peptides tested (Fig. 5j).
Altogether, we identi�ed peptides derived from the LS of the SARS-CoV-2 Spike protein inhibiting NK cells
from healthy monkeys and humans. In particular, the N-terminal part of the Spike LS encoded peptides
were inhibitory for MHC-E dependent NK cell activity. Moreover, our data unraveled that SARS-CoV-2
infection can induce NK cells with enhanced MHC-E restricted activity against cells presenting Spike-
antigens. This adaptive NK-cell activity was enhanced for half of the animals (group 2). It was observed
in BALF but not in the blood. Moreover, it was cross-reactive against the LS-Spike peptides from other
Coronaviruses.
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Discussion
Innate immune responses have been shown to play a vital role against COVID-19, including IFN-a and
TGF-b whose role consists, among others, to modulate NK cell responses 20,45,46. However, more
information is needed on the role of cellular innate immunity, particularly in tissues, during SARS-CoV-2
infection. The tissue-speci�city of macrophages and NK cells, as well as their plasticity and function have
been investigated here in tissues of a non-human primate model of SARS-CoV2 infection. We found
profound changes in the NK cell repertoire and macrophage phenotype in convalescent monkeys that
indicated imprinting of macrophages and training of NK cells. The convalescent animals separated into
two groups based on macrophage phenotype and viral protein levels. SARS-CoV-2 protein was detected
up to 18 months post-infection in alveolar macrophages to variable levels. The animals with lower viral
proteins displayed strong MHC-E restricted NK cell activity toward cells presenting peptides derived from
the LS of the SARS-CoV-2 Spike protein, while NK cell activity from the other convalescent animals and
from healthy humans and control animals were strongly inhibited by these Spike LS-derived peptides.
The adaptive NK cell activity was not detectable in blood but detected in tissue-resident NK cells. It was
speci�c for the Spike peptides, and remarkably, was cross-reactive against MERS-CoV and SARS-CoV
spike-derived peptides.

One major �nding in this study is the frequent detection of viral antigens in lung macrophages after a
long period post-infection. Thus, viral antigen might persist more frequently than initially expected. Our
data indicating persistence of SARS-CoV-2 virus in BALF macrophages are consistent with reports
showing that SARS-CoV, MERS-CoV and SARS-CoV-2 can infect human macrophages in vitro10–13, 47. The
capacity of macrophages to express ACE-2 in vivo has been previously shown from prehypertensive
patients48, and recent reports on post-mortem �ndings in patients succumbing to COVID-19 showed ACE2
expression and viral nucleocapsid protein in CD169+ macrophages from lymph nodes, spleen and
lung49–52, arguing in favor of the capacity of SARS-CoV-2 to directly infect macrophages in vivo.
Presence of viral antigen and viral RNA in macrophage infection might also result independently of ACE2
expression from phagocytosis of infected alveolar epithelial cells, followed or not by escape from the
lysosome. Antibody-dependent enhancement of cellular infection has been suggested as an additional
mechanism of macrophage infection based on data in cellular and animal models of SARS-CoV and
MERS-CoV infection53,54. Regardless of the source of the Spike-protein and the mechanism of entry into
macrophages, our study clearly demonstrates the presence of SARS-CoV-2 antigens in the lung of
monkeys up to 18 months post-infection.

Here, the Spike+ macrophages in BALF were those that expressed higher levels of CD14 and CD16,
suggesting that they could have derived from in�ltrating in�ammatory monocytes. Recent studies
reported a signi�cant number of non-classical monocytes containing SARS-CoV-2 S1 protein in both
severe and post-acute sequelae of COVID-19 (PASC) patients up to 15 months post-infection55. It is also
possible that macrophages became infected in acute infection and then survived for many months. The
viral antigen was detected in alveolar macrophages despite the fact that the virus was not detectable in
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the nasopharyngeal and tracheal swabs. This correlates with other studies in human post-mortem tissues
and animal models reporting detection of persisting SARS-CoV2 in other parts of the body, such as lung,
the central nervous system and olfactory bulbs56–58. Our results are in agreement with previous models
proposing that SARS-CoV-2 initially infects and replicates in epithelial cells in the nasopharynx, which
express relatively high levels of ACE2 compared with epithelial cells in lower airways or the distal
lung59,60. Whether by progressive movement distally in the tracheobronchial tree or via aspiration of
nasopharyngeal contents, some virus gains access to the distal alveolar space. In the alveolar space,
SARS-CoV-2 infects alveolar epithelial cells and tissue-resident alveolar macrophages61. Thus, our results
support the increasing data in the literature indicating that the virus or viral antigens can persist for long
time after infection in lung tissues. This has important implications, because the viral antigens can thus
be recognized by and stimulate other cells of the immune system in the lung during a long period.

Many viruses have been described to persist and/or to establish a latent infection in macrophages.
Members of Togaviridae, the Chikungunya alphavirus (CHIKV) and the Ross River virus, have been shown
to persist in macrophages for a long time. The CHIKV can persist in synovial tissue in humans 18 months
after infection62, with the productive replication of virus in synovial macrophages63. The Ross River virus
showed high level of replication in macrophages shortly after infection, but viral antigens were also
detectable by IFA analysis after 170 days in an in vitro model, indicating that the virus had not been
completely cleared from the cells64. Long persistence in liver macrophages was observed for a member
of the Flaviviridae family—the hepatitis C virus, albeit in small quantities, up to 9 years after therapy65.
Ebola virus has been reported to persist in sperm and eye66. Productive virus release of HCMV from
monocyte/macrophages is detectable up to 16 weeks after infection67. Similar to other viruses, SARS-
CoV-2 virus might thus exploit the cell biology of monocyte/macrophages as a repository for
dissemination and long-term persistence.

The present study demonstrates that the phenotype of the alveolar macrophages in the convalescent
animals 6–18 months post infection was different from the non-infected animals, suggesting that SARS-
CoV-2 infection has imprinted the macrophages. The alveolar macrophages from the convalescent
animals displayed a M2/regulatory-like phenotype, expressing for instance IL-10. Alveolar macrophages
are for the most part generally derived from fetal monocytes that colonize the lung shortly after birth, but
are replenished by blood-borne monocytes if they are damaged or depleted 68. During SARS-CoV-2
infection, tissue damage in lung is often present. Regulatory macrophages have been reported to be
involved in the tissue repair69,70. The induction of such cells might thus be part of a normal process of
healing. It is interesting to note that the phenotype of regulatory macrophages was most pronounced in
the group of animals with lower levels of initial viral load and lower levels of persistent viral antigen.

The regulatory-like macrophages expressed higher levels of MHC-E. We reasoned that they either
contributed to educate NK cells or that animals with a stronger MHC-E restricted viral suppressive
capacity of NK cells after SARS-CoV-2 infection were more e�cient in eliminating cells that present viral
antigens via MHC-E. Our study reveals indeed an enhancement of MHC-E restricted viral suppressive NK
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cell activity in the group of animals with the lower viral load. This activity was directed to cells presenting
peptides derived from the LS of the Spike protein. It has previously been shown that Spike-derived
peptides can bind to MHC-E71. However, we identi�ed and analyzed here peptides speci�cally derived
from the LS in the spike protein and showed that the ones from the N-terminal region were particularly
strong in inhibiting the NK cell activity of animals and human donors who had never previously seen
SARS-CoV-2 antigens. Strikingly, after SARS-CoV-2 infection, the NK cells from about half of the animals
were capable to adapt and were not any more inhibited by the Spike LS peptides. It is unclear, if the
enhanced MHC-E restricted NK cell activity was the consequence or the cause of the lower viral load in
early infection and/or after acute infection. Future studies will need to determine why some animals
showed the enhanced MHC-E restricted NK cell activity, while others didn’t. It might be related to early
events in the infection, such as a particular cytokine environment induced upon infection. The cytokines
produced during Sars-CoV-2 infection may indeed in�uence the generation of adaptive NK cells and
explain the differences observed between convalescent monkeys, similar to what has been observed
previously in antigen-dependent72,73, antigen-independent, and cytokine-dependent NK cell recall
responses in humans72,74−76.

The enhanced NK cell activity against LS-spike was only observed in group 2 animals, that also showed
higher levels of regulatory-like macrophages, expressing high levels of MHC-E. An in vivo priming of the
NK cells through antigens presented by macrophages is not excluded and has been suggested for chronic
viral infections79. The crosstalk with monocytes or macrophages and the nature of ligands/receptors
implicated are just emerging, and the cross-talk between M2 and NK cells remains ill-de�ned77–80. Here,
NK cells in BALF from group 2 were highly differentiated and frequently expressed the maturation marker
NKP80, that is involved in NK/macrophage crosstalk81–83. Thus, it is possible, that the microenvironment
and/or cross-talk between macrophages and NK cells favored the emergence of adaptive NK cells in
group 2 animals. One also needs to consider the role of pre-infection determinants, including previous
infections, non-Coronavirus-related vaccinations and host genetic factors. Altogether our study
demonstrates that SARS-CoV-2 infection can be associated with the induction of adaptive NK cells in
lung-associated tissue.

The adaptive NK cells in the lung of the convalescent group 2 monkeys had a more differentiated,
cytotoxic pro�le (NKG2AlowCD49a+CD69+GzB+CD107a+), in line with other studies on adaptive NK
cells18,26. Of note, the adaptive lung NK cells here also shared several phenotypic features with the subset
of tissue-resident NK cells (trNK)84,85, including expression of CD49a and CD69. The human lung has
been reported to be a site of adaptive NK cells expressing CD49a24. Also consistent with previous reports
in humans, these adaptive lung NK cells differed from classical human trNK cells by low expression of
CD10324. Altogether, we have identi�ed here the induction and long-term persistence after SARS-CoV-2
infection of Spike-speci�c, adaptive NK cells in the lung based not solely on phenotype, but also on tissue
localization and function.
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It is of note, that the MHC-E dependent adaptive activity was cross-reactive against MERS-CoV and SARS-
CoV Spike-derived peptides, while the activity against the control peptides did not change. The Spike
proteins from distinct Coronaviruses are only weakly homologous at the nucleotide or amino acid level,
but they share helix structure and high hydrophobicity in common86. This is in agreement with structural
analyses demonstrating a broad tolerance for hydrophobic and polar amino acids in the primary pockets
of human (HLA-E) and simian (Mamu-E) MHC-E molecules44. Thus, one would anticipate that these
adaptive NK cells are also reactive against SARS-CoV-2 variants other than the Wuhan strain, including
against variants of concern.

In summary, our study revealed an unexpected high frequency of long-term persisting SARS-CoV-2 Spike
antigen in macrophages of the lung. It unraveled that some animals were capable to escape MHC-E
mediated inhibition of NK cells by SARS-derived peptides and become highly reactive against SARS-CoV-
2 Spike LS peptides. This capacity was associated with the induction of regulatory macrophages and
was speci�cally present in the lung and not detectable in blood. Moreover, the adaptive NK cell activity
was cross-reactive against MERS-CoV and SARS-CoV spike-LS derived peptides. Given the high potential
of cross-reactivity, it will be interesting to study in the future, if these NK cells contribute to protection in
SARS-CoV-2 infection against variants of concern, and if they are inducible by immunotherapies and/or
vaccinations.

Declarations
Acknowledgements

We are grateful for the excellent help from the veterinarians and staff at the IDMIT Center (B. Delache, E.
Burban, J. Demilly, N. Dhooge, S. Langlois, P. Le Calvez, M. Potier, F. Relouzat, J. M. Robert and C. Dodan)
for help with animal studies; Q. Pascal for performing the necropsies and F. Ducancel and Y. Gorin for
help with the logistics and safety management. CP was supported by the Pasteur-Roux Cantarini
fellowship, the young investigator Sidaction fellowship and a NIH Grant (R01AI143457). This work was
supported by the « URGENCE COVID-19 » fundraising campaign of Institut Pasteur. H.M. received core
funding from the Institut Pasteur and the INSERM, and was supported by grants from the ANR REACTing
Covid19 (#20RR028-00), the European Commission Horizon 2020 program (RECoVER project,
#101003589), the Institut Pasteur Task Force COVID-19 (2019-NCOV THERAMAB project), and the
Fondation de France (#00106077). We would furthermore like to acknowledge grant support NIH to RKR
(R01DK130472, R01AI143457). We gratefully acknowledge the support of Institut Pasteur and Gilead for
the purchase of the Fortessa equipment. We are grateful for the support of IDMIT by the French
government: Investments for the Future program for infrastructures (PIA) through the ANR-11-INBS-0008
grant as well as from the PIA grant ANR-10-EQPX-02-01 to the FlowCyTech facility at IDMIT. We equally
acknowledge the Investments for Future grant ANR-10–INSB–04 to support the UtechS Photonic
BioImaging (Imagopole) and C2RT facilities at Institut Pasteur.

 



Page 15/35

Author contributions

NH, BJ, ML, CP and PR performed the experiments. NH, HM and MMT designed the experiments. VC and
RL coordinated the animal studies. NH, BJ, FR, RL, RKR and MMT analyzed the data. MMT obtained the
funding. NH and MMT wrote the manuscript and all co-authors reviewed it. 

 

 

Con�icts of interest 

The authors declare no con�icts of interest.

References
1. Torrelles, J. B. & Schlesinger, L. S. Integrating Lung Physiology, Immunology and Tuberculosis.

Trends Microbiol. 25, 688–697 (2017).

2. Rueca, M. et al. Compartmentalized Replication of SARS-Cov-2 in Upper vs. Lower Respiratory Tract
Assessed by Whole Genome Quasispecies Analysis. Microorganisms 8, E1302 (2020).

3. Proal, A. D. & VanElzakker, M. B. Long COVID or Post-acute Sequelae of COVID-19 (PASC): An
Overview of Biological Factors That May Contribute to Persistent Symptoms. Front. Microbiol. 12,
(2021).

4. Liotti, F. M. et al. Assessment of SARS-CoV-2 RNA Test Results Among Patients Who Recovered From
COVID-19 With Prior Negative Results. JAMA Intern. Med. 181, 702–704 (2021).

5. Sun, J. et al. Prolonged Persistence of SARS-CoV-2 RNA in Body Fluids. Emerg. Infect. Dis. 26, 1834–
1838 (2020).

�. Vibholm, L. K. et al. SARS-CoV-2 persistence is associated with antigen-speci�c CD8 T-cell responses.
EBioMedicine 64, 103230 (2021).

7. Merad, M. & Martin, J. C. Pathological in�ammation in patients with COVID-19: a key role for
monocytes and macrophages. Nat. Rev. Immunol. 20, 355–362 (2020).

�. Jafarzadeh, A., Chauhan, P., Saha, B., Jafarzadeh, S. & Nemati, M. Contribution of monocytes and
macrophages to the local tissue in�ammation and cytokine storm in COVID-19: Lessons from SARS
and MERS, and potential therapeutic interventions. Life Sci. 257, 118102 (2020).

9. Saradna, A., Do, D. C., Kumar, S., Fu, Q.-L. & Gao, P. Macrophage polarization and allergic asthma.
Transl. Res. J. Lab. Clin. Med. 191, 1–14 (2018).

10. Rockx, B. et al. Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman primate
model. Science 368, 1012–1015 (2020).

11. Zhou, J. et al. Active Replication of Middle East Respiratory Syndrome Coronavirus and Aberrant
Induction of In�ammatory Cytokines and Chemokines in Human Macrophages: Implications for



Page 16/35

Pathogenesis. J. Infect. Dis. 209, 1331–1342 (2014).

12. Yip, M. S. et al. Antibody-dependent infection of human macrophages by severe acute respiratory
syndrome coronavirus. Virol. J. 11, 82 (2014).

13. Cheung, C. Y. et al. Cytokine responses in severe acute respiratory syndrome coronavirus-infected
macrophages in vitro: possible relevance to pathogenesis. J. Virol. 79, 7819–7826 (2005).

14. Jaume, M. et al. Anti-severe acute respiratory syndrome coronavirus spike antibodies trigger infection
of human immune cells via a pH- and cysteine protease-independent FcγR pathway. J. Virol. 85,
10582–10597 (2011).

15. Schultze, J. L. & Aschenbrenner, A. C. COVID-19 and the human innate immune system. Cell 184,
1671–1692 (2021).

1�. Manickam, C., Sugawara, S. & Reeves, R. K. Friends or foes? The knowns and unknowns of natural
killer cell biology in COVID-19 and other coronaviruses in July 2020. PLOS Pathog. 16, e1008820
(2020).

17. Leem, G. et al. Abnormality in the NK-cell population is prolonged in severe COVID-19 patients. J.
Allergy Clin. Immunol. 148, 996–1006.e18 (2021).

1�. Maucourant, C. et al. Natural killer cell immunotypes related to COVID-19 disease severity. Sci.
Immunol. (2020) doi:10.1126/sciimmunol.abd6832.

19. Tan, L. et al. Lymphopenia predicts disease severity of COVID-19: a descriptive and predictive study.
Signal Transduct. Target. Ther. 5, 1–3 (2020).

20. Witkowski, M. et al. Untimely TGFβ responses in COVID-19 limit antiviral functions of NK cells.
Nature 600, 295–301 (2021).

21. Antonioli, L., Fornai, M., Pellegrini, C. & Blandizzi, C. NKG2A and COVID-19: another brick in the wall.
Cell. Mol. Immunol. 17, 672–674 (2020).

22. Masselli, E. et al. NK cells: A double edge sword against SARS-CoV-2. Adv. Biol. Regul. 77, 100737
(2020).

23. Narni-Mancinelli, E. & Vivier, E. Clues that natural killer cells help to control COVID. Nature 600, 226–
227 (2021).

24. Brownlie, D. et al. Expansions of adaptive-like NK cells with a tissue-resident phenotype in human
lung and blood. Proc. Natl. Acad. Sci. 118, (2021).

25. Reeves, R. K. et al. Antigen-speci�c NK cell memory in rhesus macaques. Nat. Immunol. 16, 927–932
(2015).

2�. Huot, N. et al. SIV-induced terminally differentiated adaptive NK cells in lymph nodes associated with
enhanced MHC-E restricted activity. Nat. Commun. 12, 1282 (2021).

27. Tesi, B., Schlums, H., Cichocki, F. & Bryceson, Y. T. Epigenetic Regulation of Adaptive NK Cell
Diversi�cation. Trends Immunol. 37, 451–461 (2016).

2�. Schlums, H. et al. Cytomegalovirus Infection Drives Adaptive Epigenetic Diversi�cation of NK Cells
with Altered Signaling and Effector Function. Immunity 42, 443–456 (2015).



Page 17/35

29. Rölle, A., Jäger, D. & Momburg, F. HLA-E Peptide Repertoire and Dimorphism—Centerpieces in the
Adaptive NK Cell Puzzle? Front. Immunol. 9, (2018).

30. Maisonnasse, P. et al. Hydroxychloroquine use against SARS-CoV-2 infection in non-human primates.
Nature 585, 584–587 (2020).

31. Yu, W. C. L. et al. Viral Replication and Innate Host Responses in Primary Human Alveolar Epithelial
Cells and Alveolar Macrophages Infected with In�uenza H5N1 and H1N1 Viruses. J. Virol. 85, 6844–
6855 (2011).

32. Davis, J. M. et al. Exercise, alveolar macrophage function, and susceptibility to respiratory infection.
J. Appl. Physiol. 83, 1461–1466 (1997).

33. Kolli, D. et al. Alveolar Macrophages Contribute to the Pathogenesis of Human Metapneumovirus
Infection while Protecting against Respiratory Syncytial Virus Infection. Am. J. Respir. Cell Mol. Biol.
51, 502–515 (2014).

34. Jambo, K. C. et al. Small alveolar macrophages are infected preferentially by HIV and exhibit
impaired phagocytic function. Mucosal Immunol. 7, 1116–1126 (2014).

35. Huot, N. et al. Non-human Primate Determinants of Natural Killer Cells in Tissues at Steady-State and
During Simian Immunode�ciency Virus Infection. Front. Immunol. 11, 2134 (2020).

3�. Reeves, R. K. et al. CD16- natural killer cells: enrichment in mucosal and secondary lymphoid tissues
and altered function during chronic SIV infection. Blood 115, 4439–4446 (2010).

37. Mavilio, D. et al. Identi�cation of NKG2A and NKp80 as speci�c natural killer cell markers in rhesus
and pigtailed monkeys. Blood 106, 1718–1725 (2005).

3�. Brownlie, D. et al. Distinct lung-homing receptor expression and activation pro�les on NK cell and T
cell subsets in COVID-19 and in�uenza. 2021.01.13.426553 (2021) doi:10.1101/2021.01.13.426553.

39. Carlin, L. E., Hemann, E. A., Zacharias, Z. R., Heusel, J. W. & Legge, K. L. Natural Killer Cell Recruitment
to the Lung During In�uenza A Virus Infection Is Dependent on CXCR3, CCR5, and Virus Exposure
Dose. Front. Immunol. 9, 781 (2018).

40. Shreeve, N. et al. The CD94/NKG2A inhibitory receptor educates uterine NK cells to optimize
pregnancy outcomes in humans and mice. Immunity 54, 1231–1244.e4 (2021).

41. Zhang, X., Feng, J., Chen, S., Yang, H. & Dong, Z. Synergized regulation of NK cell education by
NKG2A and speci�c Ly49 family members. Nat. Commun. 10, 1–12 (2019).

42. Braud, V. M., Allan, D. S. J., Wilson, D. & McMichael, A. J. TAP- and tapasin-dependent HLA-E surface
expression correlates with the binding of an MHC class I leader peptide. Curr. Biol. 8, 1–10 (1998).

43. Michaëlsson, J. et al. A Signal Peptide Derived from hsp60 Binds HLA-E and Interferes with
CD94/NKG2A Recognition. J. Exp. Med. 196, 1403–1414 (2002).

44. Ruibal, P. et al. Peptide Binding to HLA-E Molecules in Humans, Nonhuman Primates, and Mice
Reveals Unique Binding Peptides but Remarkably Conserved Anchor Residues. J. Immunol. Author
Choice 205, 2861–2872 (2020).



Page 18/35

45. Krämer, B. et al. Early IFN-α signatures and persistent dysfunction are distinguishing features of NK
cells in severe COVID-19. Immunity 54, 2650–2669.e14 (2021).

4�. Bi, J. NK cell dysfunction in patients with COVID-19. Cell. Mol. Immunol. 19, 127–129 (2022).

47. Lai, C.-C., Shih, T.-P., Ko, W.-C., Tang, H.-J. & Hsueh, P.-R. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019 (COVID-19): The epidemic and the
challenges. Int. J. Antimicrob. Agents (2020) doi:10.1016/j.ijantimicag.2020.105924.

4�. Keidar, S., Strizevsky, A., Raz, A. & Gamliel-Lazarovich, A. ACE2 activity is increased in monocyte-
derived macrophages from prehypertensive subjects. Nephrol. Dial. Transplant. 22, 597–601 (2007).

49. Xiang, Q. et al. SARS-CoV-2 Induces Lymphocytopenia by Promoting In�ammation and Decimates
Secondary Lymphoid Organs. Front. Immunol. 12, (2021).

50. Kosyreva, A., Dzhalilova, D., Lokhonina, A., Vishnyakova, P. & Fatkhudinov, T. The Role of
Macrophages in the Pathogenesis of SARS-CoV-2-Associated Acute Respiratory Distress Syndrome.
Front. Immunol. 12, (2021).

51. Wendisch, D. et al. SARS-CoV-2 infection triggers pro�brotic macrophage responses and lung
�brosis. Cell 184, 6243–6261.e27 (2021).

52. Abassi, Z., Knaney, Y., Karram, T. & Heyman, S. N. The Lung Macrophage in SARS-CoV-2 Infection: A
Friend or a Foe? Front. Immunol. 11, 1312 (2020).

53. Sariol, A. & Perlman, S. Lessons for COVID-19 Immunity from Other Coronavirus Infections. Immunity
53, 248–263 (2020).

54. Liu, L. et al. Anti–spike IgG causes severe acute lung injury by skewing macrophage responses
during acute SARS-CoV infection. JCI Insight 4, e123158.

55. Patterson, B. K. et al. Persistence of SARS CoV-2 S1 Protein in CD16 + Monocytes in Post-Acute
Sequelae of COVID-19 (PASC) up to 15 Months Post-Infection. Front. Immunol. 12, (2022).

5�. Chertow, D. et al. SARS-CoV-2 infection and persistence throughout the human body and brain.
https://www.researchsquare.com/article/rs-1139035/v1 (2021) doi:10.21203/rs.3.rs-1139035/v1.

57. Caniego-Casas, T. et al. RNA SARS-CoV-2 Persistence in the Lung of Severe COVID-19 Patients: A
Case Series of Autopsies. Front. Microbiol. 13, (2022).

5�. Ceulemans, L. J. et al. Persistence of SARS-CoV-2 RNA in lung tissue after mild COVID-19. Lancet
Respir. Med. 9, e78–e79 (2021).

59. Sungnak, W. et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells together
with innate immune genes. Nat. Med. 26, 681–687 (2020).

�0. Hou, Y. J. et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory
Tract. Cell 182, 429–446.e14 (2020).

�1. Grant, R. A. et al. Circuits between infected macrophages and T cells in SARS-CoV-2 pneumonia.
Nature 590, 635–641 (2021).

�2. Labadie, K. et al. Chikungunya disease in nonhuman primates involves long-term viral persistence in
macrophages. J. Clin. Invest. 120, 894–906 (2010).



Page 19/35

�3. Silva, L. A. & Dermody, T. S. Chikungunya virus: epidemiology, replication, disease mechanisms, and
prospective intervention strategies. J. Clin. Invest. 127, 737–749.

�4. Way, S. J. R., Lidbury, B. A. & Banyer, J. L. Persistent Ross River Virus Infection of Murine
Macrophages: An in Vitro Model for the Study of Viral Relapse and Immune Modulation during Long-
Term Infection. Virology 301, 281–292 (2002).

�5. Radkowski, M. et al. Persistence of hepatitis C virus in patients successfully treated for chronic
hepatitis C. Hepatol. Baltim. Md 41, 106–114 (2005).

��. Thorson, A. E. et al. Persistence of Ebola virus in semen among Ebola virus disease survivors in
Sierra Leone: A cohort study of frequency, duration, and risk factors. PLoS Med. 18, e1003273
(2021).

�7. Stevenson, E. V. et al. HCMV reprogramming of infected monocyte survival and differentiation: a
Goldilocks phenomenon. Viruses 6, 782–807 (2014).

��. Guilliams, M. et al. Alveolar macrophages develop from fetal monocytes that differentiate into long-
lived cells in the �rst week of life via GM-CSF. J. Exp. Med. 210, 1977–1992 (2013).

�9. Wynn, T. A. & Vannella, K. M. Macrophages in tissue repair, regeneration, and �brosis. Immunity 44,
450–462 (2016).

70. Brancato, S. K. & Albina, J. E. Wound Macrophages as Key Regulators of Repair. Am. J. Pathol. 178,
19–25 (2011).

71. Bortolotti, D., Gentili, V., Rizzo, S., Rotola, A. & Rizzo, R. SARS-CoV-2 Spike 1 Protein Controls Natural
Killer Cell Activation via the HLA-E/NKG2A Pathway. Cells 9, E1975 (2020).

72. Paust, S. et al. Critical role for the chemokine receptor CXCR6 in NK cell-mediated antigen-speci�c
memory of haptens and viruses. Nat. Immunol. 11, 1127–1135 (2010).

73. Nikzad, R. et al. Human natural killer cells mediate adaptive immunity to viral antigens. Sci. Immunol.
4, eaat8116 (2019).

74. Ni, J. et al. Adoptively transferred natural killer cells maintain long-term antitumor activity by
epigenetic imprinting and CD4 + T cell help. Oncoimmunology 5, e1219009 (2016).

75. Romee, R. et al. Cytokine-induced memory-like natural killer cells exhibit enhanced responses against
myeloid leukemia. Sci. Transl. Med. 8, 357ra123 (2016).

7�. Romee, R. et al. Cytokine activation induces human memory-like NK cells. Blood 120, 4751–4760
(2012).

77. Michel, T., Hentges, F. & Zimmer, J. Consequences of the crosstalk between monocytes/macrophages
and natural killer cells. Front. Immunol. 3, 403 (2013).

7�. Zhou, J., Zhang, S. & Guo, C. Crosstalk between macrophages and natural killer cells in the tumor
microenvironment. Int. Immunopharmacol. 101, 108374 (2021).

79. Bellora, F. et al. The interaction of human natural killer cells with either unpolarized or polarized
macrophages results in different functional outcomes. Proc. Natl. Acad. Sci. 107, 21659–21664
(2010).



Page 20/35

�0. Lapaque, N., Walzer, T., Méresse, S., Vivier, E. & Trowsdale, J. Interactions between Human NK Cells
and Macrophages in Response to Salmonella Infection. J. Immunol. 182, 4339–4348 (2009).

�1. Welte, S., Kuttruff, S., Waldhauer, I. & Steinle, A. Mutual activation of natural killer cells and
monocytes mediated by NKp80-AICL interaction. Nat. Immunol. 7, 1334–1342 (2006).

�2. Bartel, Y., Bauer, B. & Steinle, A. Modulation of NK Cell Function by Genetically Coupled C-Type Lectin-
Like Receptor/Ligand Pairs Encoded in the Human Natural Killer Gene Complex. Front. Immunol. 4,
(2013).

�3. Klimosch, S. N., Bartel, Y., Wiemann, S. & Steinle, A. Genetically coupled receptor–ligand pair NKp80-
AICL enables autonomous control of human NK cell responses. Blood 122, 2380–2389 (2013).

�4. Dogra, P. et al. Tissue Determinants of Human NK Cell Development, Function, and Residence. Cell
180, 749–763.e13 (2020).

�5. Hashemi, E. & Malarkannan, S. Tissue-Resident NK Cells: Development, Maturation, and Clinical
Relevance. Cancers 12, 1553 (2020).

��. Xia, X. Domains and Functions of Spike Protein in SARS-Cov-2 in the Context of Vaccine Design.
Viruses 13, 109 (2021).

�7. Huot, N. et al. Natural killer cells migrate into and control simian immunode�ciency virus replication
in lymph node follicles in African green monkeys. Nat. Med. 23, 1277–1286 (2017).

��. Ram, D. R. et al. Tracking KLRC2 (NKG2C) + memory-like NK cells in SIV + and rhCMV + rhesus
macaques. PLoS Pathog. 14, e1007104 (2018).

�9. Planchais, C. et al. Potent Human Broadly SARS-CoV-2 Neutralizing IgA and IgG Antibodies Effective
Against Omicron BA.1 and BA.2. 2022.04.01.486719 (2022) doi:10.1101/2022.04.01.486719.

90. Iqbal, A., Duitama, C., Metge, F., Rosskopp, D. & Boucas, J. Flaski. (Zenodo, 2021).
doi:10.5281/zenodo.4849516.

Materials And Methods
Human Blood

Blood samples from healthy donors were obtained from the French blood bank (Etablissement Français
du Sang) as part of an agreement with the Institut Pasteur (C CPSL UNT, number 15/EFS/023). The study
was approved by the Ethics Review Committee (Comité de protection des personnes) of Île-de-France VII.
Fifty milliliter blood samples were obtained from twelve donors. All blood samples were collected before
2019 and PBMC were isolated using Ficoll gradient and immediately frrozen. 

Monkeys 
Cynomolgus macaques (M. fasicularis), aged 37–40 months and originating from Mauritian AAALAC-
certi�ed breeding centres, were used in this study. All macaques were housed in IDMIT infrastructure
facilities (CEA, Fontenay-aux-Roses), under BSL-2 and BSL-3 containment when necessary (animal
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facility authorization D92-032-02, Prefecture des Hauts de Seine, France) and in compliance with
European Directive 2010/63/EU, the French regulations and the Standards for Human Care and Use of
Laboratory Animals of the O�ce for Laboratory Animal Welfare (OLAW, assurance number A5826-01,
United States). The protocols were approved by the institutional ethical committee ‘Comité d’Ethique en
Expérimentation Animale du Commissariat à l’Energie Atomique et aux Energies Alternatives’ (CEtEA 44)
under statement number A20-011. The study was authorized by the ‘Research, Innovation and Education
Ministry’ under registration number APAFIS#24434-2020030216532863v1.

The animals were healthy and seronegative for SIV, type D retrovirus, and simian T-cell lymphotropic virus
type 1 at the time of infection and were housed in single cages within level 3 biosafety facilities after
infection. At the inclusion in the study the average weight of the monkeys was between 3 and 6 kg. All
monkeys were young adults with an average age of 3–5 years at inclusion. Both males and females were
used. Sample collection was performed in random order. The investigators were not blinded while the
animal handlers were blinded to group allocation.

 

Viruses 
For the in vivo studies, SARS-CoV-2 virus (hCoV-19/France/lDF0372/2020 strain) was isolated by the
National Reference Center for Respiratory Viruses (Institut Pasteur) as previously described31. Virus
stocks used in vivo were produced by two passages on mycoplasma-free Vero E6 cells in Dulbecco’s
modi�ed Eagle’s medium (DMEM) without FBS, supplemented with 1% penicillin (10,000 U ml−1) and
streptomycin (10,000 μg ml−1) and 1 μg ml−1 TPCK-trypsin at 37 °C in a humidi�ed CO2 incubator and
titrated on Vero E6 cells.

 

Tissue collections and processing
Whole venous blood was collected in ethylenediaminetetraacetic acid (EDTA) tubes. Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll density-gradient centrifugation. Cells were either
immediately stained for �ow cytometry or cryopreserved in 90% foetal bovine serum (FBS) and 10%
dimethyl sulfphoxide (DMSO) and stored in liquid nitrogen. 

The BAL �uids (BALF) were collected by immediate gentle aspiration after each aliquot and pooled in a
sterile heparinate lithium container. BALF samples were centrifuged at 350 g for 10 min. The cells were
washed with PBS and then mononuclear cells (MC) were separated by standard density-gradient
centrifugation. The percentage of BAL �uid recovered was approximately 75% of the instilled �uid. The
alveolar cellularity ranged from 50000 to 200000 cells per ml of �uid recovered. No statistically
signi�cant difference in cellularity was noticed between baseline and post-infection broncho-alveolar

https://www.nature.com/articles/s41586-020-2558-4#ref-CR31
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lavage (data not shown). To rule out potential side-effects, we have veri�ed that repeated bronchoalveolar
lavages in uninfected animals do not affect the percentages of cells among BALMC. During the
experiment, the majority of BALMC that were recovered were macrophages (more than 80%).

 

Sars-CoV-2 viral RNA quanti�cation in nasopharyngeal and tracheal
samples
Upper respiratory (nasopharyngeal and tracheal) specimens were collected with swabs (Universal
transport medium, Copan; or Viral Transport Medium, CDC, DSR-052-01). Tracheal swabs were performed
by insertion of the swab above the tip of the epiglottis into the upper trachea at approximately 1.5 cm of
the epiglottis. All specimens were stored between 2 °C and 8 °C until analysis. Viral copy numbers were
determined by quantitative RT-PCR with a plasmid standard concentration range containing an rdrp gene
fragment including the RdRp-IP4 RT–PCR target sequence. The limit of detection was estimated to be 460
copies as described previously30. The protocol describing the procedure is also available on the WHO
website (https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-
of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2).

 

Sars-CoV-2 viral RNA quanti�cation in BALF cells

Sars-CoV-2 viral RNA quanti�cation in BALF cells we performed as follow: Cryopreserved BALF cells were
quick-thawed, centrifuged, and washed in 2% BSA solution in D-PBS. Cells were blocked for 5 min in 2%
BSA and then incubated at room temperature for 30 min with anti-NKG2a/c Ab (clone z199) to isolate
simian NK cells by positive selection using magnetic beads (Miltenyi biotec). The negative fraction,
consisting predominantly of macrophages, was then centrifuged and total RNA was extracted using
RNeasy mini KIT (Qiagen). Primer and probes for the real-time quantitative reverse transcriptase and
polymerase chain reaction (RT–qPCR) were the same as described above and available on the WHO
website (https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-
of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2). Relative quanti�cation of the viral genome
was performed by one-step RT–qPCR using the RNA to ct 1 step kit (applied biosystem, 4392938).
Thermal cycling was performed in a StepOnePlus Real-Time PCR System (Applied Biosystems) in
MicroAmp Fast Optical 96-well reaction plates. 2 Δ Δ Ct was calculated based on the mean of Ct
measured for viral RNA using the nCoV-IP4 primers and 18s RNA Cts obtained for each monkey.

 

Polychromatic �ow cytometry

https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2
https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=3662fcb6_2
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PBMCs and BALF cells were stained as previously described87. The antibodies are listed in
Supplementary method Table 1. The anti-NKG2A antibody used recognizes both NKG2A and NKG2C on
simian cells88. Flow cytometry acquisitions were done on a LSRFortessa (BD Biosciences) or Symphony
(BD Biosciences). Intracellular staining was performed using BD Cyto�x/Cytoperm™. The data were
further analyzed using FlowJo 10.4.2 software (FlowJo, LLC, Ashland, OR, USA). Multiparametric
analyses were performed using FlowJo plugins Phenograph (version 3.0), UMAP (version 3.1).
Phenograph was performed using a K mean of 50. UMAP was performed using a value for nearest
neighbors of 25 and a minimal value of 0.25.

 

Cell culture

K562 (human HLA class I–negative erythroleukemia) (ATCC® CCL-243) as well as HLA-E transduced
K562 cells were maintained in RPMI 1640 (Life Technologies) supplemented with 10% heat-inactivated
foetal calf serum (FCS), 2 mM, l-glutamine, 100 U/ml penicillin, and 100µg/ml streptomycin.

NK cells were maintained in RPMI 1640 with Glutamax (Life Technologies) supplemented with 10% heat-
inactivated FCS, 2 mM, l-glutamine, 100 U/ml penicillin, 100µg/ml streptomycin and 100 IU/ml of IL-2
and 10 ng/mL of IL-15.

 

Antibody against SARS-CoV-2 Spike protein 

The human monoclonal antibody Cv2.3194, which targets the SARS-CoV-2 receptor binding domain, was
cloned from a blood memory B cell of a COVID19 convalescent, produced as a recombinant IgG1 by
transient transfection of Freestyle 293-F cells (Thermo Fisher Scienti�c), and puri�ed by a�nity
chromatography using Protein G Sepharose® 4 Fast Flow beads (Citivia)89.

 

Immuno�uorescence staining
Macrophages were isolated from bronchoalveolar lavage using positive selection with or the anti-CD64
monoclonal antibody-PE conjugated (clone10.1 Bd bioscience, USA) reveals by anti-PE microbeads
(Miltenyi Biotec (USA), the staining and the positive selection of the cells was done according to the
supplier’s instructions. Immediately after positive selection,  cells were cultured at the concentration of
5*105cells/ml in a 24-well tissue culture plate (Nunc,Roskilde, Denmark) in RPMI 1640 supplemented with
FBS and GM-CSF, 10 ng/ml; IL-3,10 ng/ml; M-CSF, 100 ng/ml; IL-4 during 16 hours (h). Cells were then
�xed with PFA 4% and staining was performed. Membrane permeabilization was induced by Triton X-100
and were stained with mouse anti-CD163 monoclonal antibody (1 : 200, ab-100909, Abcam, USA) and
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anti-SARS-CoV-2 Spike protein (see below). After 2 hours of incubation, the excess of unbound primary
antibody was washed off with primary buffered saline solution of PBS.  The primary antibodies were
detected by secondary donkey anti-mouse polyclonal antibody with Alexa Fluor® 488 and Streptavidin
coupled with Alexa 568 for 1 h at 37 °C  (1 : 200, Thermo Fisher Scienti�c, USA.). The sections were
mounted using Vectashield with DAPI (4'6-diamidino-2-phenylindole, Vector Laboratories, USA).
Immuno�uorescence was analysed under an CELENA® X High Content Imaging System (LOGOS
BIOSYSTEMS, south Korea)

 

Peptides and HLA-E Stabilization assay

Synthetic peptides biotinylated or not were purchased from Proimmune (United Kingdom) and dissolved
in DMSO at the concentration of 2mg/ml. The peptides used were VL9 (VMAPRTVLL), HSP60
(QMRPVSRVL), The sequence of the coronavirus peptide used in the study are described in the �gure 5.
K562 and K562-E*0101 cells were incubated with synthetic peptides (3–300µM) at 37°C for 15–20 hours
in serum-free AIM-V medium (GIBCO BRL) at a concentration of 1–3 106 cells/ml. Control cultures were
kept at 37 °C for over 16 hours without peptides. Cells were then harvested, washed in PBS and cell-
surface expression of HLA-E was determined by incubation with PE-conjugated anti-HLA-E antibody,
washed twice with PBS and �xed in 100 μl of Cyto�x (BD Biosciences). Cells were acquired using a LSR II
(BD Biosciences), and FlowJo software (version 9.6.4, Tree Star, Ashland, OR) was used for all analyses.
Results were expressed either directly as mean �uorescent intensity (MFI).

 

NK cell isolation 

Humans NKG2a+ NK-cells were puri�ed (>90%) from frozen PBMCs by positive selection with antibody-
coated magnetic beads (Myltenyi Biotec). NHP NKG2a/c+ NK-cells were puri�ed (>90%) from freshly
isolated tissues (ie BALF and blood) by positive selection with antibody-coated magnetic beads (Myltenyi
Biotec). NK cells (106 cell/mL) were cultured in RPMI 1640 containing GlutaMAX, 10% FCS, penicillin (10
IU/mL) and streptomycin (10 μg/mL) in the presence of IL-2 (Miltenyi Biotec) at 100 IU/mL and IL-15 at
5ng/ml (Miltenyi Biotec) (Culture media). Cells were left unstimulated over night before putting them in
contact with their target cells. 

 

MHC-E dependent NK cell viral suppressor assays
NK cell activity was determined through expression of cell surface CD107a, as previously described.
K562-E*0101 cells were incubated with 50 µM of a given peptide at 26°C for 15–20 h. NK cells were co-
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cultured with 2 × 104 K562-E*0101 target cells pulsed or not with peptides at a NK cell/target cell ratio of
5:1. Target cells were in parallel cultured in the absence of NK cells. Anti-CD107a antibody was added at
the start of the assay, and GolgiStop and GolgiPlug (both BD Biosciences) were added 1 hour after start
of the stimulation. After 8 hours of culture, cell suspensions were stained for viability and cytotoxic
activity was analyzed through measurement of CD107a expression by �ow cytometry. 

 

Statistics

The GraphPad Prism 7 (GraphPad Software, San Diego, CA) was used to analyze data and to perform
statistical analyses. Statistical test used are described in the legend for each �gure, Values of p < 0.05
were considered signi�cant. NK cell populations were analyzed by the uniform manifold approximation
and projection method provided by the FlowJo plugin version 3.1. The heatmap was calculated as Raw z
score of the indicated markers within the clusters using FLASKI90. Dendrograms present the clustering of
samples (columns) and markers (row), which is based on hierarchical clustering with Euclidean distance
metric and average linkage.

 

Data availability
The authors declare that all other data supporting the �ndings of this study are available within the article
and its raw data �les, or are available from the authors upon request.

Figures
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Figure 1

Immunophenotyping of bronchoalveolar macrophages in SARS-CoV-2 convalescent monkeys. (a)
Representative �ow cytometry plots showing the gating strategy for the bronchoalveolar macrophages.
The latter were de�ned using FSC-A, FSC-H, SSC-A, and SSC-W parameters and surface expression of
CD45 and CD64. (b) Singlet, live, CD45+CD64+ bronchoalveolar macrophages from seven and �fteen
healthy and convalescent animals, respectively, were subjected to unsupervised analysis by the UMAP
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dimension reduction algorithm. Cells were gated, down sampled to 6,000 cells per sample which were
barcoded and concatenated. CD45 and CD64 were excluded from the list of UMAP running parameters.
The resulting UMAP projection is colored according to the status of the animals (green: healthy monkeys,
orange: convalescent monkeys). UMAP plots showing expression intensities of each marker used in
analysis are shown. (c) Hierarchical clustering heatmaps showing z score expression of indicated
proteins in CD64+ BALF macrophages from control and convalescent monkeys. (d) Graph showing the
Mean of Fluorescent Intensity (MFI) of the indicated markers expressed in CD64+ macrophages. Healthy
monkeys (n=7) are in gray, convalescent monkeys (n=15) are in red. p values are determined by non-
parametric Kruskal Wallis test (e) Principal component analysis (PCA) of CD64+ BALF macrophage-based
expression levels of proteins shown in Fig.1c. Circles show clustering of different monkeys based on the
PCA. Monkeys separated into three groups, the gray group contained all control monkeys (NEG_1 to 6),
the pink colour corresponds to monkeys COV_10, 2, 15, 5, 7, 4, 8 and de�nes group 1, and the blue de�nes
group 2 and contained monkeys COV_12, 11, 6, 14, 9, 1, 3, 13. (f) Graph showing the percentage of the
indicated markers expressed in CD64+ macrophages. Healthy monkeys (n=7) are in gray, group 1
convalescent monkeys (n=7) are in pink and group 2 convalescent monkeys (n=8) are in blue. Monkeys
were separated in two groups according to the groups de�ned in panel e; (g) Graph showing the air under
the curve (AUC) based on the viral load measured during the acute phase in nasal and tracheal swab (see
Supplemental Figure 1). Monkeys were separated in two groups according to the groups de�ned in panel
e. p values are determined by non-parametric Kruskal Wallis test. In each graph, each dot, square or
triangle represents an individual monkey, bars represent the median, and the interquartile range is shown.
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Figure 2

Bronchoalveolar macrophages harbor Spike proteins in SARS-CoV-2 convalescent monkeys. (a)
Fluorescence microscopy on �xed primary BALF macrophages after 24h of in vitro culture. CD45+CD64+

cells isolated from BALF of all convalescent monkeys were stained for nuclei (DAPI, blue), CD163 (anti-
CD163-Alexa Fluor 488; green) and Spike protein (anti-Spike protein, Texas red). Representative stainings
from eight animals are presented in the Figure. Scale bar: 20 µm. (b) (Left) Flow cytometry plots showing
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SARS-COV-2 intracellular staining in BALF macrophages for one representative healthy and one
representative convalescent monkey. (Right) Histograms of intra-cellular Spike SARS-CoV-2 expression on
CD64+ BALF macrophages. Each animal is represented on the histogram. (c) Percentage of CD64+

macrophages positive for SARS-CoV-2 Spike proteins. (d) Relative levels of SARS-CoV-2 RNA in BALF
cells (e) UMAP plots showing expression intensities of intracellular SARS-CoV-2 Spike expression in
CD64+ macrophages of BALF. (f) Comparison of the MFI of the indicated markers between Spike+ and
Spike- macrophages for a given group. A Šídák's multiple comparisons test was applied. (g) PhenoGraph
clusters overlaid on the UMAP plot. (h) Frequence of the 30 PhenoGraph clusters within CD64+

macrophages. (i) Distribution of the most frequent PhenoGraph clusters for each group. (j) Hierarchical
clustering of PhenoGraph clusters. The heatmap was calculated as Raw z score of the indicated markers
within the clusters. p values are determined by non-parametric Kruskal-Wallis test in graph c and d. A
Tukey multiple comparisons test was used to determine the P value in graphs i.) Interaction F (DFn, DFd)
is F (58, 570) = 9,977, Row Factor F is (29, 570) = 8,462 and Column Factor F is (2, 570) = 1,384e-005. In
each graph, each dot, square or triangle represents an idividual monkey, bars represent the median, and
the interquartile range is shown. Control monkeys are in gray, monkeys from the group 1 and 2 are in pink
and blue respectively.  



Page 30/35

Figure 3

Resident NK cells accumulate in lung of monkeys with low frequency of Spike+ macrophages (a) Graphs
showing the percentage of NK cells among CD45+ cells from control, group 1 and group 2 convalescent
monkeys, in the indicated tissues. (b, c, d) Histogram and Graph showing the mean �uorescence intensity
(MFI) and the percentage, respectively, of the indicated markers expressed in NKG2a/c

+ NK cells in the
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given tissues. For generating histograms, cells from each monkey of the indicated group were
concatenated. Each group was plot on the same histogram to facilitate the comparison for each marker
between groups. In each graph, each dot, square or triangle represents an individual monkey, bars
represent the median, and the interquartile range is shown. For graph and histograms, healthy monkeys
are in gray (n=5), animals from the group 1 in pink (n=7), and animals from group 2 in blue (n=8). For
each graph, p values are determined by non-parametric Kruskal Wallis test. 
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Figure 4

Immunophenotyping of tissue NK cells in SARS-COV 2 convalescent monkeys. (a-c) UMAP showing
NKG2a/c

+ cells of control (n=5) and convalescent monkeys (n=15) isolated from BALF (a), blood (b) and

bone marrow (BM) (c). NKG2a/c
+ tissue NK cells were subjected to unsupervised analysis by the UMAP

dimension reduction algorithm. Cells were gated, down sampled to 6.000 cells per sample, which were
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barcoded and concatenated. For each panel, the right part shows UMAP plots showing expression
intensities of each marker, and the left part represent mapping of NK cells from each monkey on the
UMAP plot. In each UMAP plot, blue dots represent concatenated healthy monkeys for each tissue, and
pink dots represent lung NK cells (a), purple dots represent blood NK cells (b), and yellow dots represent
BM NK cells (c), from the indicated convalescent monkeys. NKG2a/c was excluded from the list of UMAP
running parameters. (d) PCA of BALF (left), blood (middle) and BM (right) based on protein expression
levels shown in Figure (a-c). Each dot represents a monkey, full circles show clustering of monkeys based
on the PCA performed on NKG2a/c

+ NK cells for the indicated tissue. (e) Hierarchical clustering heatmaps
showing row z score expression of indicated proteins from NK cells of convalescent monkeys compared
to healthy controls in BALF (left), blood (middle) and BM (right). (f) Graph showing the percentage of
cells expressing the indicated markers among NK cells in the given tissues. Tukey multiple comparisons
test was used to determine the P value. (g) Spearman’s correlations between CD64+ Spike+ macrophages
and the frequency of the indicated NK cell populations. In each graph, each dot, square or triangle
represents an individual monkey, bars represent the median, and the interquartile range is shown. Control
monkeys are in gray (n=5), animals from the group 1 in pink (n=7), and animals from group 2 in blue
(n=8).  BM= bone marrow.
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Figure 5

HLA-E dependent cytotoxic activity of NK cells. (a) HLA-E binding predictions using the IEDB analysis
resource. This is a T cell epitope prediction tool, which takes into account an amino acid sequence and
determines each subsequence's ability to bind to a speci�c MHC class I molecule. Here the sequence
corresponds to entire spike protein. The multiple possible subsequences of it are represented by the black
dots in the graph. Each peptide and its predicted capacity for binding to HLA-E is provided in the Source
Data �le. The location of each dot represents the predicted capacity of binding to HLA-E. For each
peptide, percentile ranks for binding to HLA-E*0101 are indicated on the y-axis, and percentile ranks for
binding to HLA-E*0103 are shown on the x-axis. A low percentile rank value indicates high a�nity. The
selected Coronavirus peptides are shown in red. (b) Amino acid sequence alignment of the Spike protein
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from MERS-CoV (UniProtKB-A0A140AYZ5), SARS-COV-1 (UniProtKB-P59594), and SARS-CoV-2
(UniProtKB-P0DTC2). Regions corresponding to selected 9-mers are indicated by yellow, purple, and blue
boxes. Asterix (*) indicates positions with a single, fully conserved residue. Colon (:) positions with
conservation between amino acid groups of similar properties and period (.) positions with conservation
between amino acid groups of weakly similar properties. (c) Table showing the selected nonameric
sequences of peptides in the Spike protein of the 3 analyzed Coronavirus viruses showing similarities
with the canonical MHC-E binding motif, such as strong hydrophobicity and a Leucine in the last position.
(d) Each histogram shows HLA-E expression after loading K562-E*0101 cells with the given peptide. Each
curve indicates the mean �uorescent intensity (MFI) of HLA-E on K562-E*0101 cells loaded with the
indicated peptide for a given concentration. VL9 is a control peptide well known to bind to MHC-E and
deriving from classical HLA-I. One representative experiment out of three is shown. (e) Histogram
showing CD107a surface expression on human NKG2a/c

+ NK cells after 8 h of co-culture with K562-
E*0101 cells loaded with the indicated peptide. Data from one representative donor are shown. (f) HLA-E
dependent cytotoxic activity of human NKG2a+ NK cells isolated from blood of healthy donors against
distinct Coronavirus peptides. Each dot, square or triangle represents an individual monkey. (g-h) HLA-E
dependent cytotoxic activity of NKG2a/c

+ NK cells isolated from blood (g) and BALF (h) of healthy
monkeys against distinct coronavirus peptides. Each symbol in the �gures represents an individual
monkey. (i-j) HLA-E dependent cytotoxic activity of NKG2a/c

+ NK cells isolated from blood (i) and BALF (i)
of healthy monkeys (grey) and Group 1 and 2 of convalescent monkeys (pink and blue respectively)
against distinct Coronavirus peptides. In each graph, asterisks indicate signi�cant p value. Bars indicate
median values, and error bars indicate the interquartile range. Cytotoxic activity of NK cells in various
conditions was compared to the condition without peptide using the Wilcoxon test for paired data.
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