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SUMMARY

Natural killer (NK) cells are cytotoxic effector cells that target and lyse virally infected cells; many viruses
therefore encode mechanisms to escape such NK cell killing. Here, we interrogate the ability of SARS-
CoV-2 to modulate NK cell recognition and lysis of infected cells. We find that NK cells exhibit poor cytotoxic
responses against SARS-CoV-2-infected targets, preferentially killing uninfected bystander cells. We
demonstrate that this escape is driven by downregulation of ligands for the activating receptor NKG2D
(NKG2D-L). Indeed, early in viral infection, prior to NKG2D-L downregulation, NK cells are able to target
and Kkill infected cells; however, this ability is lost as viral proteins are expressed. Finally, we find that
SARS-CoV-2 non-structural protein 1 (Nsp1) mediates downregulation of NKG2D-L and that Nsp1 alone is
sufficient to confer resistance to NK cell killing. Collectively, our work demonstrates that SARS-CoV-2 evades
direct NK cell cytotoxicity and describes a mechanism by which this occurs.

INTRODUCTION

Natural killer (NK) cells are innate lymphocytes that play a critical
role in the immune response to viral infection."™ Since the
advent of the COVID-19 pandemic, studies examining the im-
mune response in COVID-19 have noted that NK cells are less
abundant in the peripheral blood of severe COVID-19 patients
than in healthy donors®'®; a concurrent increase in NK cell
frequency in the lungs of critically ill patients suggests that pe-
ripheral depletion of NK cells may be due to trafficking to the
site of infection.™® In addition, immune profiling has uncovered
significant, severity-associated phenotypic and transcriptional
changes in the peripheral NK cells that remain in the blood of
COVID-19 patients. In severe COVID-19, peripheral blood NK
cells become activated and exhausted.® """ 1315717 They also
downregulate surface level expression of the activating recep-
tors NKG2D and DNAM-1, possibly as a consequence of inter-
nalization after ligation”'® and exhibit defects in their ability to
respond to tumor target cells and cytokine stimulation compared
with NK cells from healthy donors,'"1%1°

Less is known about how NK cells respond directly to SARS-
CoV-2-infected cells, although several studies have demon-
strated that NK cells can suppress SARS-CoV-2 replication
in vitro."®'819 Moreover, a recent study found that NK cells are
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able to mount robust antibody-mediated responses against
SARS-CoV-2-infected target cells.’° However, the mechanisms
underlying NK cell responses to SARS-CoV-2-infected cells are
not understood. This is particularly important because many vi-
ruses employ mechanisms that allow them to evade recognition
and killing by NK cells. For example, both HIV-1 and human cyto-
megalovirus downregulate the ligands for NK cell activating
receptors, shielding infected cells from recognition by NK
cells.?'~%2

In this study, we utilized primary NK cells from healthy donors
in conjunction with replication-competent SARS-CoV-2 to
create an in vitro model system that dissects the NK cell
response to SARS-CoV-2-infected cells. We focused on assess-
ing the direct killing of infected target cells to better understand
how the balance between SARS-CoV-2 recognition and escape
contributes to disease. Our results demonstrate that SARS-CoV-
2-infected cells efficiently escape killing by healthy NK cells,
likely due to downregulation of ligands for the activating receptor
NKG2D. Furthermore, we interrogated the mechanisms underly-
ing this phenomenon and identified a specific SARS-CoV-2 pro-
tein, non-structural protein 1 (Nsp1), that mediates escape from
NK cell recognition. Collectively, our work deeply interrogates
the NK cell response to SARS-CoV-2 and provides insight into
the role of NK cells in COVID-19.
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Figure 1. SARS-CoV-2-infected target cells evade NK cell killing through a cell-intrinsic mechanism
(A) Representative flow plots (left) and boxplot (right) showing the percentage of mNeonGreen+ A549-ACE2 cells following infection with either mNeonGreen
SARS-CoV-2 (MOI = 0.5) or media (mock) at an MOI of 0.5 for either 24 or 48 h. Bar plots represent mean of n = 4 technical replicates + SD values.

(B) Schematic illustrating the experimental design of NK cell killing assays.

(C) Representative flow plots showing expression of eFluor 780 viability dye in target cells with NK cells (top) and with NK cells (bottom).

(D and E) Background-subtracted percentage of A549-ACE2 cell death as measured by eFluor 780 viability dye staining in either infected versus exposed,
uninfected cells (D) or mock-infected versus exposed, uninfected cells (E). Background cell death for each experiment and condition was calculated as the
average level of death in four wells of the condition of interest. Data are shown from n = 18 unique healthy donors across 4 separate experiments. Lines connect

points from individual donors.

(F and G) Representative flow plots (F) and quantitations (G) of percentage of NK cells expressing CD107a and IFN-y upon culture with no targets, mock-infected
targets, or SARS-CoV-2-infected targets. Lines connect points from individual donors (n = 6). Significance values for all plots in this figure were determined using
a paired Wilcoxon signed-rank test with the Bonferroni correction for multiple hypothesis testing.

RESULTS

SARS-CoV-2-infected cells evade NK cell killing through
a cell-intrinsic mechanism

We established a system to explore the NK cell response to
SARS-CoV-2 infection using A549-ACE2 cells,** which are lysed
by NK cells and are infectible with SARS-CoV-2. We infected
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A549-ACE2 cells with SARS-CoV-2/WA1-mNeonGreen®* (which
replaces ORF7a with mNeonGreen) at a multiplicity of infection
(MOI) of 0.5 (Figure 1A). After 24 h, approximately 6% of cells fluo-
resced green, increasing to 50% by 48 h (Figure 1A). This suggests
that, although SARS-CoV-2 only requires ~8 h to complete its life
cycle,®* 48 h is required for detection of robust viral protein
expression in a low MOI system in which viral replication results
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Figure 2. SARS-CoV-2 infection downregulates ligands for the activating receptor NKG2D

(A) Boxplots showing the mean fluorescence intensity (MFI) of uninfected, bystander, and SARS-CoV-2-infected A549-ACE2 cells expressing CD54, CD112/
CD155, HLA-ABC, and NKG2D-L (combination of MICA, MICB, and ULBPs 1, 2, 5, and 6). The cognate receptors recognizing each ligand are noted under
each panel. Four technical replicates of each condition were performed.

(B) Representative histograms of NKG2D-L, HLA-A/B/C, CD54, and CD112/CD155 expression in SARS-CoV-2-infected cells versus uninfected controls. Isotype
controls are shown in gray. Vertical dashed lines represent thresholds for positivity.

(C) Representative histograms showing expression of individual ligands for NKG2D in mock-infected (top) and SARS-CoV-2-infected (middle) A549-ACE2s.
Isotype controls are shown at the bottom of each histogram for comparison. Dashed vertical lines represent thresholds for positivity. Numbers to the right of
vertical lines indicate the percentage of cells positive for each marker.

(D) Percentage of NKG2D-L-expressing A549-ACE2s in wells containing only target cells (n = 4 technical replicates) compared with wells containing target cells
and NK cells (n = 6 biological replicates). Beginning at 48 h post-infection, target cells were co-cultured with IL-2-activated NK cells for 3 h at an E:T ratio of 5:1.

(legend continued on next page)
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in spreading infection. To understand how exposure to SARS-
CoV-2-infected target cells impacts NK cell phenotype and func-
tion, we added NK cells from healthy donors that had been preac-
tivated overnight with IL-2 to target cells that had been infected for
48 h (Figure 1B). This is an important distinction from previous
studies that added NK cells early after SARS-CoV-2 infection,
before the virus-infected cell expresses the full complement of viral
proteins.'®'819 We then assessed the ability of NK cells to directly
lyse SARS-CoV-2-infected (mMNeonGreen+) target cells compared
with bystander (exposed but mNeonGreen—) and mock-infected
cells (Figures 1C-1E).

NK cell co-culture induced significantly more death of unin-
fected “bystander” cells than of SARS-CoV-2-infected cells in all
18 NK cell donors tested (Figure 1C). We found no significant
difference in the killing of bystander cells compared with mock-in-
fected cells that were never exposed to SARS-CoV-2, indicating
that the ability of SARS-CoV-2-infected cells to survive is a cell-
intrinsic effect (Figure 1D). To ensure that these differences
were not a result of rapid cell death resulting in cell loss and
undercounting of killed SARS-CoV-2-infected cells, we assessed
the ratio of infected (mNeonGreen+) target cells to uninfected
(mNeonGreen—) target cells in cultures without NK cells compared
with cultures with NK cells, gating only on “live” versus “total”
cells. There was no difference in this ratio among all single cells
(not live gated) in the presence and absence of NK cells, suggest-
ing that if cells are disappearing from culture due to apoptosis, they
are disappearing at an equal rate among infected and bystander
cells (Figure S1). Meanwhile, the ratio of mNeonGreen+ cells to
mNeonGreen— cells was increased in live-gated cells upon
addition of NK cells due to preferential killing of uninfected target
cells by NK cells (Figure S1).

SARS-CoV-2-infected cells do not actively inhibit NK cell
functionality

We next interrogated changes in NK cell phenotype and function
induced by co-culture with mock- or SARS-CoV-2-infected target
cells. Importantly, we continued utilizing an MOI of 0.5, resulting in
around 50% infection of the SARS-CoV-2-infected wells. We
observed significant induction of CD107a, a marker of NK cell
degranulation and surrogate for cytolytic activity, and IFN-y
upon culture with either SARS-CoV-2-infected or mock-infected
A549-ACE2 cells (Figures 1F and 1G). Activation occurred primar-
ily within the CD56""9" CD16'°" subset, possibly due to IL-2 prim-
ing (Figures 1F and S2). We also found no significant differences in
the expression of other phenotypic and functional markers on NK
cells co-cultured with SARS-CoV-2-infected targets compared
with those cultured with mock-infected cells (Figure S2). This sug-
gests that, while healthy NK cells are unable to lyse SARS-CoV-2-
infected cells, the presence of SARS-CoV-2-infected cells does

Cell Reports

not inhibit the NK cell response to bystander cells. Collectively,
these results support a model in which a factor intrinsic to
SARS-CoV-2-infected cells allows escape of NK cell killing.

SARS-CoV-2 infection modulates expression of ligands
involved in NK cell recognition

We next investigated the mechanism by which SARS-CoV-2-in-
fected cells were able to evade lysis by NK cells. We used flow cy-
tometry to profile the expression of the ligands for various NK cell
activating and inhibitory receptors.® We grouped antibodies for Ii-
gands recognized by the same receptor into a single channel to
quantify total ligand density for a given receptor. While expression
of CD112/CD155 (ligands for DNAM-1), CD54 (ligand for LFA-1),
and HLA-A/B/C were decreased in infected cells compared with
mock and bystander cells, the magnitude of these reductions
was relatively small. In contrast, the ligands for NKG2D (MICA,
MICB, and ULBPs 1, 2, 5, and 6; collectively referred to as
NKG2D-L) were downregulated to a much greater extent in
SARS-CoV-2-infected cells compared with uninfected cells and
bystander cells (Figures 2A, 2B, and S4A). All of the individual li-
gands comprising NKG2D-L were strongly downregulated in
SARS-CoV-2-infected cells compared with mock-infected con-
trols (Figures 2C and S4B). Notably, the downregulation of
NKG2D-L and the downregulation of HLA-A/B/C (MHC class I)
would be expected to have opposing effects on the NK cell
response to infected cells: downregulation of MHC class | would
enhance NK cell recognition of infected targets, while NKG2D-L
downregulation could represent a mechanism of NK cell evasion.
As we observed a decrease in the ability of NK cells to kill SARS-
CoV-2-infected cells and other studies have already interrogated
MHC class | downregulation by SARS-CoV-2,>° we focused
our attention on the loss of NKG2D-L as a potential evasion
mechanism.

Downregulation of NKG2D-L is correlated with inhibition
of NK cell killing of SARS-CoV-2-infected cells

To evaluate the association between NKG2D-L expression and
kiling of SARS-CoV-2-infected cells, we assessed NKG2D-L
expression on the cells that survived following co-culture with
NK cells. We identified a significant decrease in the frequency
of NKG2D-L-expressing target cells in wells containing NK cells
at both time points and across all infection conditions, suggest-
ing that NK cells preferentially kill NKG2D-L-expressing targets
in both SARS-CoV-2-infected and mock-infected wells (Fig-
ure 2D). We also assessed the kinetics of NKG2D-L expression
on infected (mMNeonGreen+) A549-ACE2 and found that, while
NKG2D-L were downregulated to some extent at 24 h post-
infection compared with uninfected cells, it was not until 48 h
post-infection that we observed almost total loss of these

(E) Percentage of mock-infected or SARS-CoV-2-infected (mNeonGreen+) A549-ACE2 expressing NKG2D-L at 24 and 48 h post-infection (n = 4 technical

replicates per condition).

(F) Background-subtracted target cell death of A549-ACE2 infected for either 24 or 48 h with SARS-CoV-2. Target cells were co-cultured for 3 h with IL-2-
activated NK cells at an E:T ratio of 5:1. Lines connect data points from individual donors (n = 6).

(G) Correlation between percentage of A549-ACE2s expressing NKG2D-L in target-only wells (mean of four technical replicates per condition) and background-
subtracted target cell death in wells containing NK cells (mean of six biological replicates per condition). Significance values for (A, C, and D) were determined
using an unpaired Wilcoxon ranked-sum test with the Bonferroni correction for multiple hypothesis testing. Significance value for (E) was determined using a
paired Wilcoxon signed-rank test. Best-fit line shown in (F) was calculated using a linear model.
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Figure 3. NK cells are able to efficiently kill SARS-CoV-2-infected cells immediately following infection
(A) Representative histograms showing expression of mMNeonGreen in SARS-CoV-2-exposed A549-ACE2 at 0, 24, or 48 h post-infection at an MOI of 3 (B and C)

or 0.5 (D). Vertical dashed lines indicate threshold for positive gating.

(B-D) A549-ACE2 were infected with SARS-CoV-2 for 0, 24, or 48 h, then co-cultured with IL-2-activated NK cells for 3 h at an E:T ratio of 5:1. (B) Background-
subtracted killing of all single A549-ACE2s by NK cells following infection with SARS-CoV-2 for either 0 or 48 h. Lines connect points from individual donors (n =
12). (C) Fold change in killing of infected target cells compared with mock-infected target cells at 0 and 48 h post-infection. (D) Background-subtracted target cell
death of all single A549-ACE2s infected with SARS-CoV-2 at 24 and 48 h post-infection (n = 6 unique donors). Significance values were determined using a paired

Wilcoxon signed-rank test.

proteins at the surface level (Figure 2E). We therefore hypothe-
sized that NK cells would kill infected cells more robustly at
24 h post-infection compared with 48 h. Indeed, we observed
significantly better killing of mNeonGreen+ target cells at 24 h
post-infection compared with 48 h (Figure 2F). Further support-
ing a model in which downregulation of NKG2D-L allows for
evasion of NK cell killing, we identified a strong correlation be-
tween the expression of NKG2D-L in target cells and target cell
lysis across all time points and infection conditions (Figure 2G).

NK cells are able to efficiently kill SARS-CoV-2-infected
cells immediately following infection

Other groups have reported that NK cells are able to successfully
suppress viral replication in a system where the NK cells are
added to a target cell culture soon after infection with SARS-
CoV-2."%"%1° Hammer et al. added NK cells to the co-culture
immediately following infection; Witkowski et al. added NK cells
12 h post-infection; and Kramer et al. added NK cells 24 h post-
infection. Given our finding that NKG2D-L are not fully downre-
gulated until 48 h post-infection, we hypothesized that NK cells
might be able to kill virus-infected cells in the early stages of
infection, but not later. We therefore repeated our killing assay
using infected or mock-infected cell cultures at either 0 h post-
infection (similar to prior studies) or 48 h post-infection. Because
the freshly infected cells had not yet expressed mNeonGreen at

the time of analysis (Figure 3A), we compared total killing of all
target cells in SARS-CoV-2-infected wells at 0 and 48 h. We
found that, as expected, NK cells were able to robustly kill cells
that were freshly infected (0 h) but not those that had been in-
fected for 48 h (Figure 3B). Moreover, NK cells were slightly bet-
ter at killing infected cells compared with mock-infected cells at
the 0 h time point (Figure 3C), providing additional evidence that
NK cells can successfully target infected cells in the early stages
of SARS-CoV-2 infection, as previously reported.'® %9 Finally,
we conducted a similar analysis of total cell killing at 24 versus
48 h post-infection. In accordance with our other findings, we
observed that NK cells can efficiently kill virus-exposed cells
through 24 h post-infection, but not at 48 h (Figure 3D). Thus,
our data and other published works collectively suggest that
NK cells are capable of suppressing viral replication, but their
ability to do so is significantly hampered if the cell has been in-
fected for at least 48 h.

SARS-CoV-2 protein Nsp1 downregulates ligands for
NKG2D

Having identified changes in the protein-level expression of
NKG2D-L in SARS-CoV-2-infected cells that may underlie escape
from NK cell killing, we next sought to understand how the
virus mediates this effect. SARS-CoV-2 encodes 29 individual
proteins that are broadly classified into 3 categories: structural,
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non-structural, and accessory. While the roles of these proteins are
still being investigated, many of the non-structural and accessory
proteins are known to suppress antiviral innate immune re-
sponses.’®® We therefore transfected each individual SARS-
CoV-2 protein, tagged with two Strep Tag domains (Strep Tag Il)
to allow for easy detection, into A549-ACE2 cells and assessed
for their effect on NK cell receptor ligand expression by flow cytom-
etry (Figures 4A and 4B). We successfully transfected 25 of the 29
SARS-CoV-2 proteins into A549-ACE2s; we also transfected cells
with GFP as a non-viral control (Figures S5A-S5C). While several
proteins downregulated NKG2D-L, SARS-CoV-2 non-structural
protein 1 (Nsp1) had by far the strongest effect (Figures 4C
and S5D). Several other viral proteins, primarily accessory pro-
teins, also downregulated NKG2D-L expression, and some
increased expression. However, as Nsp1 had the most impact
on NKG2D-L expression, we chose to move forward with interro-
gation of this protein.

Like replication-competent SARS-CoV-2, Nsp1 also downregu-
lated MICA, ULBP-1, and ULBPs-2, 5, and 6. However, it had no
effect on MICB (Figure 4D). To ensure that the downregulation of
NKG2D-L that we observed was not an artifact of the cell line we
were using, we also transfected Nsp1 into 293T cells and K562
cells. Nsp1 downregulated NKG2D-L expression in both cell lines,
which express NKG2D-L at baseline (Figure S6A). Nsp1 also
mediated downregulation of MHC class |, but not CD54 or the li-
gands for DNAM-1, in A549-ACE2s (Figures 4F and S6B-S6D).

SARS-CoV-2 post-transcriptionally downregulates
NKG2D-L and does not induce shedding, intracellular
retention, or degradation
Nsp1, also known as the SARS-CoV-2 leader protein, is the first
protein translated when the virus enters a cell and serves as a
global inhibitor of host translation. Nsp1 is highly conserved
across coronaviruses as it plays an important role in enhancing
pathogenicity by inhibiting the innate immune response.**™*°
Schubert et al. demonstrated that SARS-CoV-2 Nsp1 functions
by sterically inhibiting entry of mRNA into the mRNA channel of
the 40S ribosomal subunit.*® Thus, it is likely that Nsp1 mediates
a translational block to reduce surface NKG2D-L expression.
To orthogonally validate that NKG2D-L expression is reduced
via translational blockade in SARS-CoV-2-infected cells, we as-
sessed several other potential methods of downregulation.
Consistent with a model of translational inhibition, we observed
only a small decrease in transcripts encoding MICB, ULBP-1,
and ULBP-2 in infected cells compared with mock-infected cells
and no decrease in MICA transcript levels (Figure 5A). This
modest difference likely reflects the overall decrease in transcript
levels in cells infected with SARS-CoV-2 and is consistent with
the idea that NKG2D-L expression is reduced at the post-tran-
scriptional level. We also assessed whether SARS-CoV-2 might
induce degradation of NKG2D-L, as CMV has also been shown
to downregulate NKG2D-L through targeting these proteins for
proteasomal or lysosomal degradation.®'*? We therefore treated
mock or SARS-CoV-2-infected cells with a proteasomal inhibitor
(MG-132) or a lysosomal inhibitor (BAF-A1) and then assessed
NKG2D-L expression; we found that neither inhibitor rescued
NKG2D-L expression in infected cells (Figures 5B and S8A).
Finally, we addressed the possibility of SARS-CoV-2-infected
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cells shedding of NKG2D-L from the cell surface, which has
been reported for other viruses and in the setting of cancer,?*°%°"
by assessing NKG2D-L levels in the supernatants of mock- and
SARS-CoV-2-infected cultures by ELISA. We quantified levels
of soluble MICA and soluble ULBP-2 (Figure 5C) as these were
the two most highly expressed NKG2D ligands on mock-infected
cells (Figure 2C). We were unable to detect either of these
proteins in the supernatants of uninfected or infected cultures,
suggesting that secretion of NKG2D ligands is not a major mech-
anism by which NKG2D-L is downregulated by SARS-CoV-2
(Figure 5C). Collectively, these data suggest that NKG2D-L are
downregulated post-transcriptionally and are not degraded or
shed in SARS-Cov-2-infected cells. While this supports the
hypothesis that Nsp1 inhibits expression of these proteins by
translational blockade, we were unable to definitively prove this
mechanism, as expression of NKG2D-L could be suppressed
by another mechanism such as intracellular retention.”*2°

NKG2D-L have a high rate of surface turnover

Although Nsp1 is a global inhibitor of host translation, our data
show that it does not equally downregulate all NK cell receptor
ligands. We hypothesized that this might be due to differential rates
of surface expression turnover across the various ligands, as these
proteins are known to have varying levels of stability on the cell
surface.*>°?°* NKG2D-L in particular are rapidly turned over to
allow for a high degree of control over its expression level.**°?
To validate that non-specific inhibition of a post-transcriptional
mechanism could have an outsized effect on NKG2D-L in compar-
ison with the other ligands assayed, we treated A549-ACE2s with
the protein transport inhibitor Brefeldin A and measured expres-
sion of NK cell receptor ligands after 24 or 48 h (Figure S7). We
observed that Brefeldin A, like Nsp1, had a much larger effect on
NKG2D-L than on other ligands, including CD54 and DNAM-1
ligands, supporting a model in which global translation inhibition,
such as that mediated by Nsp1, could much more dramatically
downregulate NKG2D-L than other surface proteins.

Nsp1 is not highly expressed until more than 24 h post-
infection
Thus far, our analyses of NK cell evasion mediated by replica-
tion-competent SARS-CoV-2 have relied on mNeonGreen as a
correlate of viral protein expression. However, having deter-
mined that Nsp1 is the viral protein with the strongest effect on
NKG2D-L expression, we wanted to validate (1) that mNeon-
Green expression correlates with Nsp1 expression and (2) that
Nsp1 expression inversely correlates with NKG2D-L expression
in SARS-CoV-2-infected cells. We therefore stained SARS-CoV-
2-infected or mock-infected A549-ACE2s with an anti-Nsp1 anti-
body and compared expression of Nsp1 to expression of
mNeonGreen by flow cytometry. We found that essentially all
mNeonGreen+ cells also expressed Nsp1 (Figure 6A). In addi-
tion, we determined that, like mNeonGreen, we could not detect
high levels of Nsp1 expression until >24 h post-infection (Fig-
ure 6A); this aligns with our data demonstrating that SARS-
CoV-2-infected cells are not fully resistant to NK cell killing
until >24 h post-infection (Figures 2E and 2F).

While allmNeonGreen+ cells also expressed Nsp1, there was a
significant population of cells (~10%) at 48 h post-infection that
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Figure 4. SARS-CoV-2 protein Nsp1 downregulates ligands for NKG2D

(A) A schematic illustrating the experimental approach. Plasmids encoding individual SARS-CoV-2 proteins appended with two Strep-Tag domains were
transfected into A549-ACE2s. After 48 h, transfected cells could be detected via flow cytometry using a primary antibody against Strep Tag Il and a secondary
fluorescent antibody.

(B) Representative flow plots showing Strep Tag Il expression in untransfected and Nsp7-transfected A549-ACE2s.

(C) Percentage of transfected (Strep Tag Il+) A549-ACE2s that express NKG2D-L by flow cytometry at 48 h post-transfection. 25 SARS-CoV-2 proteins are shown
that were successfully transfected into A549-ACE2s, along with GFP as a transfection control. Four technical replicates were performed for each plasmid.
Dashed line represents the mean frequency of expression in untransfected (mock) cells. Asterisks represent significance in comparison to mock-transfected
controls. Plasmids are ordered by location in the SARS-CoV-2 genome and a schematic of the genome structure is shown below (C).

(D) Representative histograms showing expression of individual ligands for NKG2D after transfection with transfection agent alone (top; mock) or Nsp1 (bottom).
Dashed vertical lines indicate threshold for positivity. Numbers to the right of dashed lines show percentages of cells positive for each marker.

(E) Percentage of A549-ACE2 positive for CD54, DNAM-1-L (CD112/CD155), or HLA-A/B/C at 48 h after transfection with transfection agent alone (mock), Nsp14,
GFP, or Nsp1. Significance values for (C-E) were determined using an unpaired Wilcoxon rank-sum test with the Bonferroni correction for multiple hypothesis
testing.
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Figure 5. SARS-CoV-2 post-transcriptionally downregulates NKG2D-L and does not induce shedding or degradation

(A) Boxplots showing the delta CT values of several genes in mock and SARS-CoV-2-infected A549-ACE2s as measured by qRT-PCR. N encodes SARS-CoV-2
nucleoprotein. MICA, MICB, ULBP1, and ULBP2 encode ligands for NKG2D. Each point represents the mean of three gPCR technical replicates.

(B) Bar plot showing the fold change in mean fluorescence intensity (MFI) of NKG2D-L in SARS-CoV-2-infected A549-ACE2 compared with mock-infected cells
after treatment with PBS (left), proteasome inhibitor MG-132 (middle), or lysosomal inhibitor BAF-A1 (right). Inhibitors were added 24 h after infection and
NKG2D-L expression was measured by flow cytometry at 48 h post-infection. Bar plots represent mean values of three technical replicates + standard deviations.
(C) Absorbance values of neat supernatants from mock or SARS-CoV-2-infected cultures at varying dilutions as measured by plate-based ELISAs for soluble
MICA (sMICA) and soluble ULBP2 (sUPBP2). Absorbance values were calculated by subtracting absorbance readings taken at 560 nm from those taken at 450 in
accordance with the manufacturer’s instructions. Horizontal lines indicate limits of detection (dashed, sMICA; solid, sULBP2). Bar plots represent the means of
four technical replicates for each condition + standard deviations. Significance values in (A and B) were calculated using a Wilcoxon signed-rank test with the
Bonferroni correction for multiple hypothesis testing.

expressed Nsp1 but not mNeonGreen (Figure 6A). This can likely
be explained by the fact that Nsp1 is encoded at the 5'-most end
of the SARS-CoV-2 genome and is thus the first viral protein to be
translated.**~*° This suggests that identification of infected cells
based solely on mNeonGreen expression slightly underestimates
the number of infected cells and likely explains why bystander
cells appear to have slightly decreased expression of NKG2D-L
compared with mock-infected cells; the bystander population
includes some cells that have been recently infected and
express Nsp1 but not yet mNeonGreen. It also allowed us to
assess expression of NKG2D-L-infected cells subsetted by their
expression of mNeonGreen and Nsp1. As expected, Nsp1-—
mNeonGreen— (Q4) cells had high expression of NKG2D-L, while
Nsp1+ mNeonGreen+ (Q2) cells had lost almost all expression of
NKG2D-L. However, Nsp1+ mNeonGreen- (Q3) cells had an in-
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termediate level of NKG2D-L expression, with roughly 20% of
this population expressing these ligands (Figure 6B). We hypoth-
esize that these cells are more recently infected and have not yet
expressed the full complement of viral proteins. Therefore, these
data suggest that NKG2D-L downregulation precedes expres-
sion of at least some viral proteins.

Nsp1 is sufficient to confer significant resistance to NK
cell-mediated killing

We hypothesized that, if Nsp1 is the key mediator of NKG2D-L
downregulation in SARS-CoV-2 infection, transfection with
Nsp1 should be sufficient to confer resistance to NK cell killing.
To test this hypothesis, we co-cultured activated, healthy NK
cells with cells that had been transfected with either Nsp1 or a
control plasmid (GFP) and assessed target cell killing by flow
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Figure 6. Nsp1 is not highly expressed in SARS-CoV-2-infected cells until >24 h post-infection and negatively correlates with NKG2D-L
(A) Representative flow plots showing expression of Nsp1 and mNeonGreen in mock-infected A549-ACE2 (left), A549-ACE?2 infected with SARS-CoV-2 for 24 h

(middle), or A549-ACE2 infected with SARS-CoV-2 for 48 h (right).

(B) Representative histograms showing NKG2D-L expression across subpopulations of SARS-CoV-2-infected cells at 48 h post-infection. Dashed vertical line
indicates threshold for positivity. Numbers to the right of the dashed vertical line represent the percentage of cells positive. These data are representative of three

technical replicates for each condition.

cytometry. Indeed, we found that NK cells were significantly
more effective at kiling GFP-transfected targets compared
with Nsp1-transfected targets in both A549-ACE2s and 293Ts
(Figures 7A, 7B, and S8). To determine whether other viral pro-
teins might also mediate escape from NK cell killing, we
compared killing of Nsp1-transfected target cells with killing of
cells transfected with other SARS-CoV-2 proteins (Figures 7C
and S8). We randomly selected 10 additional SARS-CoV-2 pro-
teins to test alongside Nsp1. Each protein was transfected into
A549-ACE2s and healthy NK cell killing of transfected cells
was assessed 48 h post-transfection. We distinguished trans-
fected cells from untransfected cells within the same well by
gating on Strep Tag Il expression. Of the 11 proteins transfected,
Nsp1-transfected cells were killed significantly less than those
transfected with any other plasmid except Nsp10 (no significant
difference) (Figure 7C). Nsp1 was also the only protein that
significantly protected transfected cells from NK cell killing
(Figures 7C and S8D). Moreover, 6 of the other 10 proteins tested
caused a significant increase in NK cell killing of transfected cells
(Figure S8D). Collectively, these data suggest that Nsp1 is suffi-
cient to protect cells from NK-mediated killing and that resis-
tance to NK cell killing in infected cells overcomes the increase
in susceptibility to killing caused by other SARS-CoV-2 proteins.

Finally, we sought to compare the protection from NK cell
killing mediated by Nsp1 transfection to that conferred by infec-
tion with replication-competent SARS-CoV-2. Like SARS-CoV-
2, Nsp1 was able to provide significant protection to cells that
received the protein versus bystander cells in the same well (Fig-
ure 7D). We then quantified protection from killing by calculating
the fold change in killing of treated (Nsp1-transfected or SARS-
CoV-2-infected) compared with bystander cells for each donor
and found that there was no significant difference between the
level of protection mediated by Nsp1 and that mediated by
SARS-CoV-2 (Figure 7E).

DISCUSSION

The role of NK cells in mediating clearance of SARS-CoV-2-in-
fected cells in vivo remains unclear. While several studies have

demonstrated that NK cells can reduce the levels of SARS-
CoV-2 replication in vitro, no prior study has directly evaluated
killing of SARS-CoV-2-infected cells. Here, we address this crit-
ical gap in knowledge and demonstrate that SARS-CoV-2-in-
fected cells escape killing by healthy NK cells in a cell-intrinsic
manner, while killing of uninfected bystander cells is uninhibited.
The ability of infected cells to evade NK cell recognition requires
infection to proceed long enough to allow an infected cell to ex-
press SARS-CoV-2-encoded proteins. We demonstrate that this
escape mechanism is driven by downregulation of ligands for
NKG2D, a critical activating receptor on NK cells. We further
demonstrate that this ligand downregulation is driven by the
SARS-CoV-2 Nsp1 protein and show that Nsp1 alone is suffi-
cient to mediate direct NK cell evasion. While our experimental
system using a cell line with high expression of NKG2D-L could
enhance the degree of bystander killing, these findings have
important implications for NK cell-mediated control of SARS-
CoV-2, as preferential escape of infected cells and possible
killing of bystander cells could contribute to SARS-CoV-2
pathogenesis.

These results illustrate the importance of examining the tem-
poral dynamics of the NK cell response to SARS-CoV-2-infected
cells. Other studies have assessed the ability of NK cells to
suppress viral load by co-culturing NK cells with SARS-CoV-2-
infected targets early after infection; their results suggest that,
under these conditions, NK cells can at least partially control viral
replication.’®'®"9 It is worth noting that these other studies also
varied from ours in parameters such as target cell type, cytokine
treatment of NK cells, E:T ratio, and duration of co-culture. Our
own observations demonstrate that NK cells are no longer able
to effectively kill infected cells when added to the culture at
48 h post-infection, after the expression of viral proteins that
suppress the innate immune response. The preferential killing
of NKG2D-L-positive bystander cells may have important impli-
cations for lung pathology during COVID-19. NKG2D-L can be
expressed by most cell types®® and are upregulated during viral
infections, including HIV°® and RSV,°” in response to stress.*®
Therefore, it is possible that NK cells may actually cause
damage to the healthy tissue surrounding infected cells rather
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than clearing the infection, although this hypothesis has not yet
been directly tested in primary lung tissue. As NK cells appear
to home to the lungs during COVID-19,%%°" our findings indicate
that the timing of NK cell trafficking to the site of infection may
impact the efficacy of the NK cell response to SARS-CoV-2
infection, as there is a very narrow window for killing of infected
cells before bystander killing could ensue. Interestingly, Witkow-
ski et al. observed that frequency of peripheral blood NK cells in
severe COVID-19 patients negatively correlated with viral load;
however, this is difficult to interpret in the context of our data
because it is unknown whether the increased NK cell frequencies
observed resulted from decreased trafficking to the lungs,
increased peripheral proliferation, or another mechanism.'®
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Figure 7. Nsp1 is sufficient to confer signif-
icant resistance to NK cell-mediated killing
(A) Representative flow plots showing expression
of eFluor 780 viability dye in target cells with NK
cells (top) and with NK cells (bottom).

(B) Background-subtracted target cell death
among cells transfected with either GFP or Nsp1
following co-culture with healthy NK cells (E:T =
5:1) for 3 h (n = 22 unique donors).

(C) Fold change in killing of target cells transfected
with various SARS-CoV-2 proteins compared with
untransfected bystander cells. The same healthy
NK cell donors were utilized for all killing assays
performed in (C). Asterisks represent significance
in comparison to Nsp1-transfected cells. Trans-
fected cells were gated by Strep Tag Il expression
before the percentage of cytotoxicity was deter-
mined. n = 6 unique donors.

(D) Background-subtracted target cell death in
treated (transfected with Nsp1 or infected with
SARS-CoV-2) versus bystander A549-ACE2s
following co-culture with healthy NK cells (E:T =
5:1) for 3 h. Lines in (B-D) represent individual
donors.

(E) Boxplot quantifying the fold change in back-
ground-subtracted target cell death between
bystander (uninfected/untransfected) cells and
cells that were positive for either Nsp1 (trans-
fected; n = 22) or SARS-CoV-2 (infected; n = 18).
Significance values were determined using a
paired Wilcoxon signed-rank test (B-D) or un-
paired Wilcoxon ranked-sum test (E) with the
Bonferroni correction for multiple hypothesis
testing where necessary.
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Our novel finding that the SARS-CoV-2
protein Nsp1 mediates evasion of NK cell
killing has significant implications for both
the study of the immune response to coro-
naviruses and the development of thera-
peutics for COVID-19. Nsp1 is highly
conserved across coronaviruses and is
an essential virulence factor; it has been
shown to inhibit translation of host antiviral
factors across multiple beta-coronavi-
ruses.** %2 One study found that, among
nearly 50,000 SARS-CoV-2 sequences
analyzed, only 2.4% had any mutations within Nsp1.*® SARS-
CoV-2 Nsp1 also shares 84.4% of its sequence identity with
SARS-CoV Nsp1. Moreover, critical motifs within Nsp1 involved
in the inhibition of innate immune responses are highly conserved
across many beta-coronaviruses.*® On a practical level, the high
degree of conservation of Nsp1 and its importance in coronavirus
virulence have already made this protein the focus of several ther-
apeutic strategies.**%>5* Our work demonstrates that Nsp1 is an
even more attractive target than previously thought, as inhibiting
the function of this protein has the potential to fully or partially
rescue the NK cell response to SARS-CoV-2-infected cells.

Although Nsp1 is a global inhibitor of host translation, our data
demonstrate that it has an outsized effect on NKG2D-L and

SARS-CoV-2
Treatment
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MHC class | surface expression compared with that of other
ligands for NK cell receptors. This appears to be due to the varying
stabilities of the different ligands on the cell surface, rather than
explicit specificity of Nsp1 for NKG2D-L or MHC class I. It has
been established that NKG2D-L are rapidly turned over on the
cell surface and are quickly lost upon treatment with a protein
transport inhibitor such as Brefeldin A.**°> MHC class | is similarly
transient on the cell surface in the presence of translation inhibition,
although its stability varies with haplotype and peptide binding.**
CD54, which was not affected by Nsp1, is highly stable for at least
48 h, even after treatment with similar inhibitors.> Thus, the differ-
ential effects of Nsp1 on various ligands for NK cell receptors are
likely explained by the varying kinetics of surface turnover.

One of our findings that has been demonstrated by multiple
groups is the downregulation of MHC class | upon SARS-CoV-2
infection. The mechanism of this downregulation remains unclear;
while our data suggest that Nsp1 is responsible for this loss,
ORF3a,®” ORF7a,®” ORF6,*® and ORF8°° have also been impli-
cated. This could be due to differential downregulation of various
HLA molecules by different SARS-CoV-2 proteins. In our study,
we grouped together HLAs A, B, and C as there are no commer-
cially available antibody clones that can robustly differentiate
HLAs A and B; this is an important limitation of our work. According
to the well-established “missing self” model of NK cell activa-
tion,%*°® the downregulation of self-MHC can induce NK cell acti-
vation through subsequent lack of inhibitory signaling through the
killer cellimmunoglobulin-like receptors. Therefore, it might be ex-
pected that the downregulation of MHC by SARS-CoV-2 would
enhance the ability of NK cells to lyse infected cells—precisely
the opposite of what we observed in our study. We hypothesize
that this can be explained by (1) the relative magnitudes of MHC
class | and NKG2D-L downregulation on infected cells and (2)
the accepted dogma in the field that missing self alone is not
sufficient to cause robust NK cell activation.?”-°® As a result, we
propose that the loss of NKG2D-L is the dominant factor in the
NK cell response (or lack thereof) to SARS-CoV-2.

While our study focuses on direct lysis of target cells, NK cells
can also kill through antibody-dependent cellular cytotoxicity. A
recent study by Fielding et al. found that antibody-dependent NK
cell activation can overcome SARS-CoV-2’s inhibition of direct
cytotoxicity, allowing healthy NK cells to mount stronger re-
sponses to infected targets. Thus, prior vaccination or infection
that results in pre-existing antibodies to SARS-CoV-2 could tip
the balance in favor of killing SARS-CoV-2-infected cells. This
study also identified downregulation of NKG2D-L on SARS-
CoV-2-infected cells through an orthogonal method.*°

This work has significant implications for the ongoing study of
COVID-19. Our results deeply interrogate a potential flaw in the
ability of the immune system to mount a comprehensive immune
response to COVID-19. We demonstrate that the timing of the
NK cell response to SARS-CoV-2-infected target cells is critical,
with NK cells being able to control viral replication early in infec-
tion, but not after expression of viral proteins has begun. This
should be further interrogated in vivo to explore whether the
kinetics of NK cell trafficking during COVID-19 affects disease
outcome. Finally, we reveal that SARS-CoV-2 protein Nsp1 is a
major factor in mediating evasion of NK cell killing. This finding
reinforces the attractiveness of Nsp1 as a therapeutic target.

¢ CellP’ress

Limitations of the study

Our study has several limitations. To focus on NK cell responses
in the respiratory tract, we used A549-ACE2 cells, which are an
immortalized, malignant cell line. This could therefore have
enhanced NK cell targeting of bystander cells. In addition, while
we demonstrated that Nsp1 was sufficient to confer NK cell
escape, we were unable to test whether the absence of Nsp1
rescues NK cell killing because knockout of Nsp1 is lethal to
the virus. We also did not fully evaluate why Nsp1 blocks
NKG2D-L more effectively than other proteins, but we hypothe-
size that these proteins are downregulated first as part of the
global translation block because they are turned over on the
cell surface more quickly and cannot be replaced. Finally, we
did not interrogate the ability of every individual SARS-CoV-2
protein to mediate escape from NK cell killing.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

See Table S1 for list of antibodies and other N/A

flow cytometry reagents used in this study.

Bacterial and virus strains

icSARS-CoV-2/WA-01-mNeonGreen

Lab of Dr. Pei-Yong Shi

https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC7153529/

Chemicals, peptides, and recombinant proteins

DNA/RNA Shield

16% paraformaldehyde

RNA Clean & Concentrator Kit
TURBO DNA-free Kit
Brefeldin A

Monensin

10x Permeabilization Buffer

Zymo Research

Electron Microscopy Sciences
Zymo Research

Fisher Scientific

eBioscience

eBioscience

BD Biosciences

Cat#R1100-250
Cat#15710
Cat#R1018
Cat#AM1907
Cat#00-4506-51
Cat#00-4505-51
Cat#340973

rhlL-2 R&D Systems Cat#202-IL-010
MACS Human NK Cell Isolation Kit Miltenyi Cat#130-092-657
PBS ThermoFisher Scientific Cat#10010023
DMEM Life Technologies Cat#11885-092
TrypLE ThermoFisher Scientific Cat#12604021
MG-132 abcam Cat#ab141003
BAF-A1 Millipore Sigma Cat#SML1661-.1ML
Fugene HD Promega Cat#E2311
Lipofectamine 3000 ThermoFisher Scientific Cat#L.3000001
Triton-X 100 Sigma-Aldrich Cat#T9284-100ML
Critical commercial assays

Invitrogen superscript Ill Platinum Invitrogen Cat#11745500
One Step gRT PCR Kit with ROX

Human MICA DuoSet ELISA R&D Systems Cat#DY1800
Human ULBP-2 DuoSet ELISA R&D Systems Cat#DY1298
Experimental models: Cell lines

Vero EG6 cell line ATCC Cat#CRL-1586
K562 cell line ATCC Cat#CCL-243
293T cell line ATCC Cat#CRL-3216
CEM.NKR HIV Reagent Program Cat#ARP-5198
A549-ACEs Lab of Dr. Ralf Bartenschlager

Oligonucleotides

MICA RT-gPCR primer-probe kit
MICB RT-gPCR primer-probe kit
ULBP1 RT-gPCR primer-probe kit
ULBP2 RT-gPCR primer-probe kit
SARS-CoV-2 N RT-gPCR fwd primer
SARS-CoV-2 N RT-gPCR rev primer
SARS-CoV-2 N RT-gPCR probe

18S control RT-gPCR primer-probe kit

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Biosearch Technologies
Biosearch Technologies
Biosearch Technologies
ThermoFisher Scientific

Assay ID: Hs07292198_gH
Assay ID: Hs00792952_m1
Assay ID: Hs0036941_m1
Assay ID: Hs01127964_m1
Cat#nCoV-N1-F-100
Cat#nCoV-N1-R-100
Cat#nCoV-N1-P-25
Cat#4352930E

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pLVX-EF1alpha-SARS-CoV-2-nsp1-2xStrep-IRES-Puro Lei S. Qi Lab, Stanford University Addgene Plasmid #141367

pLVX-EF1alpha-SARS-CoV-2-nsp2-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp5-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp6-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp7-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp8-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp9-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp10-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp11-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp12-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp13-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp14-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp15-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-nsp16-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf3a-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf6-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf7a-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf7b-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf8-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf9b-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf9c-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-orf10-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-N-2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-E—2xStrep-IRES-Puro
pLVX-EF1alpha-SARS-CoV-2-M-2xStrep-IRES-Puro
pLVX-EF1alpha-eGFP-2xStrep-IRES-Puro

Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.
Lei S.

Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University
Qi Lab, Stanford University

Addgene Plasmid #141368
Addgene Plasmid #141371
Addgene Plasmid #141372
Addgene Plasmid #141373
Addgene Plasmid #141374
Addgene Plasmid #141375
Addgene Plasmid #141376
Addgene Plasmid #141377
Addgene Plasmid #141378
Addgene Plasmid #141379
Addgene Plasmid #141380
Addgene Plasmid #141381
Addgene Plasmid #141382
Addgene Plasmid #141383
Addgene Plasmid #141387
Addgene Plasmid #141388
Addgene Plasmid #141389
Addgene Plasmid #141390
Addgene Plasmid #141392
Addgene Plasmid #141393
Addgene Plasmid #141394
Addgene Plasmid #141391
Addgene Plasmid #141385
Addgene Plasmid #141386
Addgene Plasmid #141395

Software and algorithms

R Studio
FlowdJo v10.7.1

https://www.rstudio.com/

https://www.flowjo.com/

https://www.rstudio.com/
https://www.flowjo.com/

RESOURCE AVAILABILITY

Lead contact

Inquiries, comments, and requests for additional information and/or data may be directed to the corresponding author, Dr. Catherine

Blish (cblish@stanford.edu).

Materials availability
No new materials were generated by this study.

Data and code availability

No new code was generated during this study. All data are available upon reasonable request directed to the lead contact. Any
additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Healthy donor PBMC

The primary immune cells used in this study were isolated from leukoreduction system (LRS) chambers obtained from anonymous,
healthy donors through the Stanford Blood Bank. Age and sex information were not provided as all samples were obtained anony-
mously. PBMC were isolated by Ficoll-Paque PLUS (Millipore Sigma, Cat. GE17-1440-02) and cryopreserved in liquid nitrogen. All
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LRS chambers were collected prior to the start of the COVID-19 pandemic (Nov. 2019 or earlier); donors were thus naive to SARS-
CoV-2 infection.

Cell lines

A549-ACE2s were a gift from Ralf Bartenschlager. VeroE6, 293T, K562, and CEM.NKR-CCRS5 cells were obtained from ATCC. All cell
lines were confirmed to be mycoplasma-free. A549-ACE2 cultures were replenished after no more than 25 passages to ensure integ-
rity of ACE2 expression. All other cell lines were not maintained long-term in culture. When passaging A549-ACE2 cells, TrypLE
(ThermoFisher, Cat. 12604021) was used instead of standard trypsin to preserve the integrity of cell surface proteins, including
ACE2. All cell lines were cultured at 37°C, 5% COs,.

Viral stock generation and titration

icSARS-CoV-2/WA-01-mNeonGreen was a kind gift from Dr. Pei-Yong Shi. Virus was passaged twice in VeroES6 cells and titered by
plague assay on VeroE6 cells using Avicel (FMC Biopolymer) overlay. Passage 3 was used for all experiments. The viral stock was
deep-sequenced and aligned to reference genomes in GenBank to confirm sequence.

METHOD DETAILS

Infection with SARS-CoV-2

A549-ACE2 cells were plated at a density of 0.1e6 cells/mL the day prior to infection. On the day of infection, A549-ACE2s were
washed with PBS (ThermoFisher Scientific, Cat. 10010023), placed in DMEM (Life Technologies, Cat. 11885-092) supplemented
with 2% FBS (“D2”), and brought into the BSL3 laboratory. The D2 was removed and virus was added at an appropriate MOI (0.5
unless otherwise noted) in D2 in a volume equal to 53 uL/cm? of culture surface area. Mock-infected cells received D2 containing
no virus. The infected or mock-infected cells were rocked at 37°C for 1 hour, after which time they were washed with PBS to remove
unbound virions. Fresh D2 was then added to the cells and they were replaced into a 37°C incubator for 0-48 hours.

NK cell isolation and activation

NK cells were isolated from cryopreserved healthy donor PBMC using the Miltenyi MACS Human NK Cell Isolation Kit (Miltenyi, Cat.
130-092-657) according to the manufacturer’s instructions. Following isolation, NK cells were transferred to a round-bottom 96-well
plate and resuspended in complete RPMI supplemented with 25 ng/mL (250 IU/mL) rhiL-2 (R&D Systems, Cat. 202-IL-010). NK cells
were then placed into a 37°C incubator. After 12-16 hours, the NK cells were washed twice to remove IL-2, counted, and plated in a
fresh round-bottom 96-well plate for killing and/or functional assays.

Flow cytometry-based killing and NK cell activation assays

SARS-CoV-2-infected or mock-infected A549-ACE2 cells were harvested using TrypLE and counted. The cells were washed and
transferred to complete RPMI, then added to the NK cell cultures at an E:T ratio of 5:1 for killing assays and 1:2 for NK cell activation
assays. Additional wells containing only target cells or only NK cells were included for control purposes. For activation assays,
CD107a-PE, Brefeldin A (eBioscience, Cat. 00-4506-51), and Monensin (eBioscience, Cat. 00-4505-51) were added to all wells at
the start of co-culture. Once combined, the NK cells and A549-ACE2s were briefly spun down to bring the cells together and replaced
in the incubator for 3 hours (killing assays) or 4 hours (NK activation assays) at 37°C. Following the incubation period, the cells were
washed with PBS and stained with the eFluor 780 viability dye for 25 minutes. For NK cell activation assays, the cells were stained for
30 minutes with a panel of markers against surface markers expressed on NK cells. All assays were then fixed in 4% PFA (EIS, Cat.
15710) in PBS for 30 minutes, transferred to BSL2 facilities, washed, and stored overnight in 1% PFA in PBS at 4°C. The following
day, activation assay samples were permeabilized (BD Biosciences, Cat. 340973), stained with a panel of intracellular markers, and
collected on a Cytek Aurora for analysis. A table of flow cytometry reagents used can be found in Table S1.

Phenotypic analysis of SARS-CoV-2-infected and mock-infected cells

SARS-CoV-2-infected or mock-infected A549-ACE2 cells were harvested using TrypLE and transferred to a round-bottom 96-well
plate. The cells were washed with PBS and stained with the eFluor 780 viability dye for 25 minutes. The cells were then stained for
30 minutes with a panel of markers against the ligands for 6 different receptors expressed by NK cells. They were then fixed in 4%
PFA for 30 minutes, transferred to BSL2 facilities, washed, and stored overnight in 1% PFA in PBS at 4°C. To assay intracellular Nsp1
expression, cells were permeabilized and stained with an anti-Nsp1 primary antibody followed by a fluorescent secondary antibody
(Table S1). Samples were collected on a Cytek Aurora for analysis.

Proteasomal and lysosomal degradation inhibition

Proteasome inhibitor MG-132 (abcam, Cat. ab141003) or lysosomal inhibitor BAF-A1 (Millipore Sigma, Cat. SML1661-.1ML) were
added to mock- or SARS-CoV-2-infected cell cultures at 24 hours post-infection. As recommended by the manufacturers, MG-
132 was used at a final concentration of 2 uM and BAF-A1 was used at a final concentration of 100 nM. NKG2D-L surface expression
was measured by flow cytometry at 24 hours after inhibitor addition (48 hours post-infection).
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RT-gPCR

RNA was extracted cells lysed in DNA/RNA Shield using RNA Clean & Concentrator kits (Zymo Research, Cat. R1018) and excess
DNA was removed from the samples using the TURBO DNA-free Kit according to the manufacturer’s instructions (Fisher Scientific,
Cat. AM1907). RT-gPCR reactions were prepared using the Invitrogen superscript Il Platinum One Step gRT PCR Kit with ROX (In-
vitrogen, Cat. 11745500) and primer/probe Tagman assays ordered from Thermo Scientific (see key resources table). The
QuantStudio 3 Real-Time PCR System was used to quantify transcript levels (Thermo Fisher, Cat. A28567). Three technical replicates
of each sample were measured and all samples were normalized to an endogenous control (78S).

SARS-CoV-2 protein plasmids
Plasmids encoding individual SARS-CoV-2 proteins and GFP were obtained from the Qi lab at Stanford University. Each plasmid
included Strep Tag ll, allowing for identification of transfected cells that successfully expressed the protein of interest.

Transient transfection of A549-ACE2 and 293T

A549-ACE2s or 293Ts were plated the day before transfection in 24-well plates at a concentration of 75,000 cells per well. Plasmids
were transfected into cells with the aid of FugeneHD (Promega, Cat. E2311) using a ratio of 4 uL FugeneHD per 1 ug of plasmid DNA.
Four technical replicates of each transfection were performed. The cells were then placed into a 37°C incubator for 48 hours.

Transient transfection of K562

K562 cells were plated the day before transfection in 24-well plates at a concentration of 200,000 cells per well. The Nsp1 plasmid
was transfected into the cells with the aid of Lipfoctamine 3000 (ThermoFisher Scientific, Cat. L3000001) per the manufacturer’s in-
structions. The cells were then placed into a 37°C incubator for 48 hours.

Ligand profiling of transfected cells

48 hours after transfection, transfected cells were harvested and transferred to a 96-well plate for flow cytometry staining. Cells were
stained with the eFluor 780 viability dye and a panel of fluorescent antibodies against NKG2D-L, DNAM-1-L, CD54, and MHC class |
(Table S1) before being fixed in 4% PFA for 15 minutes. Fixed cells were permeabilized and stained with a primary antibody against
Strep Tag ll, washed, and stained with a fluorescent secondary antibody against the primary antibody. Our primary antibody against
Strep Tag Il is a polyclonal rabbit IgG; therefore, our anti-rabbit secondary antibody was able to detect this primary antibody without
detecting any of our surface antibodies, which are all mouse IgG. Cells were then analyzed on a CyTek Aurora.

Brefeldin A treatment of A549-ACE2s
A549-ACE2s were cultured in D10 alone or D10 supplemented with either 0.5x or 1x Brefeldin A (eBioscience, Cat. 00-4506-51) for 24
or 48 hours and expression of NK cell receptor ligands was expressed by spectral cytometry.

ELISA quantification of soluble MICA and soluble ULBP-2

Supernatants from mock or SARS-CoV-2 infected A549-ACE2s were harvested 48 hours post-infection. Triton-X 100 was added to
the supernatants to a final concentration of 1% for inactivation of virus and samples were stored at —80°C until use. ELISAs were
performed using the Human MICA DuoSet ELISA (R&D Systems, Cat. DY1800) and Human ULBP-2 DuoSet ELISA (R&D Systems,
Cat. DY1298) kits according to the manufacturer’s instructions. 1% Triton-X 100 (Sigma-Aldrich, Cat. T9284-100ML) was added to
the standards (prior to serial dilution) to account for effects of the inactivation reagent on soluble protein concentration.

Transfected cell killing assay

IL-2-activated NK cells were co-cultured for 3 hours at an E:T ratio of 5:1 with A549-ACE2s that had been transfected 48 hours earlier
with either one of the SARS-CoV-2 proteins shown (Nsp1, Nsp2, Nsp6, Nsp7, Nsp9, Nsp10, Nsp13, Nsp15, ORF3a, Membrane, or
ORF7a) or GFP. Following the incubation period, the cells were washed with PBS and stained with the eFluor 780 viability dye and an
antibody against surface NKG2D-L before being fixed in 4% PFA for 15 minutes. Fixed cells were permeabilized and stained with a
primary antibody against Strep Tag I, washed, and stained with a fluorescent secondary antibody against the primary antibody.
Samples were then analyzed on a CyTek Aurora.

The proteins transfected in this experiment were selected randomly from a list of all SARS-CoV-2 plasmids for which NKG2D-L expres-
sion had been previously measured. Proteins that transfected with an efficiency of <2% were excluded from analysis. Killing assays using
transfected SARS-CoV-2 proteins were performed in 4 batches using the same healthy donors, reagents, equipment, and cytometer.
The batches were as follows: 1) Nsp9, Nsp13, ORF7a; 2) Nsp2, Nsp6, Nsp7, ORF3a; 3) Nsp10, Nsp15; 4) Nsp1, GFP (repeated 3 times).

QUANTIFICATION AND STATISTICAL ANALYSIS
Flow cytometry data visualization was performed using FlowJo v10.7.1. Figures were generated in R using the ggplot2 package.

Colors for figures were generated using the tayloRswift package. Statistical analyses were performed as described in figure legends
and plotted using the R ggpubr package.
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