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Abstract 
 

Characterizing and targeting inflammation in COVID-19 using  
a rhesus macaque model of SARS-CoV-2 infection 

 
By Elise Viox 

The Coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in over 6.9 million 
deaths and continues to pose a significant threat to global health. Although several 
therapeutics have been approved or granted emergency use authorization for COVID-19, 
these drugs have limited therapeutic indications. Therefore, it is essential that SARS-
CoV-2 viral pathogenesis and COVID-19 immune responses are fully characterized to 
inform the design of additional, effective therapeutics that can be used across the full 
spectrum of disease. 

Inflammation following SARS-CoV-2 infection is a hallmark of COVID-19 severity, but the 
inflammatory pathways contributing to host defense vs. immune-mediated pathology 
have not been fully elucidated. To investigate the early inflammatory events in COVID-
19, we utilized a rhesus macaque model of SARS-CoV-2 which recapitulates key features 
of mild-to-moderate disease. In this model, we found that SARS-CoV-2 infection resulted 
in a robust, but transient, upregulation of the type I interferon (IFN-I) response and a 
significant enrichment of several inflammatory cytokine signaling pathways in the lower 
airways. To characterize the cell subsets that were contributing towards the production of 
these inflammatory cytokines in the lower airways, we performed longitudinal single cell 
RNA sequencing (scRNAseq) of Bronchoalveolar Lavage (BAL) fluid in infected RMs. We 
found that SARS-CoV-2 infection induced an influx of two subsets of infiltrating myeloid 
cells, CD163+MRC1- and TREM2+ macrophages, into the alveolar space and that these 
infiltrating macrophages produced the majority of inflammatory cytokines in the lower 
airway during acute SARS-CoV-2 infection. 

Type I interferons (IFN-I) are essential for defense against viral infections but also drive 
recruitment of inflammatory cells to sites of infection, a key feature of severe COVID-19. 
To dissect the roles of antiviral and pro-inflammatory IFN-I responses in early SARS-CoV-
2 infection, we modulated IFN-I signaling in rhesus macaques (RMs) prior to and during 
the first few days of SARS-CoV-2 infection using a mutated IFNα2 called IFN modulator 
(IFNmod). IFNmod binds with high affinity to IFNAR2, but markedly lower affinity to 
IFNAR1, blocking the binding and signaling of all forms of endogenous IFN-I. 
Administration of IFNmod in SARS-CoV-2-infected RMs not only resulted in an 
attenuation of antiviral interferon-stimulated genes (ISGs) and inflammatory genes, but 
also led to a profound decrease in SARS-CoV-2 viral loads, with 1-3-log reductions in 
both the upper and lower airways of treated animals. Additionally, a reduction in the influx 
of CD163+MRC1- and TREM2+ macrophages to the lung as well as lower levels of 
inflammatory chemokines and cytokines and lung pathology was observed with IFNmod 
treatment. 



   

   

Collectively, the results of these studies are consistent with a model where an early and 
controlled IFN-I response is beneficial following SARS-CoV-2 infection, whereas excess 
IFN-I signaling leads to an influx of inflammatory macrophages in the lower airways and 
immunopathology. 

 

  



   

   

Characterizing and targeting inflammation in COVID-19 using  

a rhesus macaque model of SARS-CoV-2 infection 

 

 

By 

Elise Viox 

B.S., B.A., Emory University, 2015 

Advisor: Mirko Paiardini, Ph.D. 

 

 

 

 

 

 

 

 
A dissertation submitted to the Faculty of the 

James T. Laney School of Graduate Studies at Emory University 
In partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

 

 

Program in Immunology and Molecular Pathogenesis 
Graduate Division of Biological and Biomedical Sciences 

 

2023 
  



   

   

Acknowledgements: 
 
This work is dedicated in loving memory to my mother, Janet Knobbe, who instilled in me 
a love for science and provided me with endless love and encouragement during this 
journey. 
 
I want to thank my dad, Mark Viox, for always believing in me- your support means the 
world to me. To my brothers Daniel, Jeff, and David: you inspire me every day and I am 
so proud to be your sister. 
 
To my partner, Hirsh, I would not have gotten through grad school without you. I cannot 
thank you enough for being so selfless and taking care of me these past five years.  
 
I want to also thank my friends, especially Chrissy and Vidisha, who kept me laughing 
through the good times and the bad and made grad school infinitely more fun. 
 
I would also like to thank all of the Paiardini lab members past and present for their 
support and friendship over the years, especially Tim, Zach, Maria, Kevin, Justin, James, 
Amberly, Tomas, Laurence, Hong, and Sadia. Tim and Maria, this work would not have 
been possible without you. Tim, thank you for taking me under your wing at Emory and 
being a great friend, you are greatly missed. Zach, thank you for your friendship and for 
saving me during every crisis I encountered in lab, I would not have gotten through them 
without you. 
 
Last but not least, I would like to thank my advisor. Mirko, your guidance and mentorship 
have been invaluable to me. Thank you for always going to bat for your students and for 
your patience and understanding. And thank you for the bravery you demonstrated in 
pursuing these COVID projects in a time when there was so much fear and uncertainty. I 
am so proud of what we accomplished here. 
  



   

   

Table of Contents 

 

Chapter One: Introduction – SARS-CoV2 ..………………………………………………….1 

 

Chapter Two: TREM2+ and interstitial-like macrophages orchestrate airway 

inflammation in SARS-CoV-2 infection in rhesus macaques ……………..……….….…...36 

 

Chapter Three: Modulation of type I interferon responses potently inhibits SARS-CoV-2 

replication and inflammation in rhesus macaques ………………………….………….…..99 

 

Chapter Four: Discussion ………………………………………….……………….……...196 

 

References: ….……………………………………………………………………………....204 

 
  



   

   

Figure Index: 

Figure 2.1. Early expansion of inflammatory cells in the blood following infection with 

SARS-CoV-2. 

Figure 2.2. Early pro-inflammatory and ISG response observed in airways and peripheral 

blood by bulk transcriptomics. 

Figure 2.3.  Influx of pro-inflammatory macrophages in BAL. 

Figure 2.4. Comparison of rhesus and human macrophage subsets. 

Figure 2.5. Baricitinib reduced the influx of pro-inflammatory macrophages in addition to 

the pro-inflammatory gene expression profile. 

Figure 2.S1. Flow gating strategy for different immune cell populations. 

Figure 2.S2. Longitudinal flow cytometric analysis in BAL and blood following SARS-

CoV-2 infection. 

Figure 2.S3. Bulk transcriptomic analysis of airways and peripheral blood. 

Figure 2.S4. References used for annotating macrophage/monocyte subsets. 

Figure 2.S5. Cell annotation using bulk sorted cells as reference. 

Figure 2.S6. Expression of cytokines and chemokines in mDC from rhesus macaque 

BAL. 

Figure 2.S7. Expression of canonical markers and pro-inflammatory genes in different 

macrophage/monocyte subsets. 

Figure 2.S8. Expression of pro-inflammatory mediators in rhesus macaque BAL macro- 

phages/monocytes at 4 dpi (Cohort 1 n= 3) 

Figure 2.S9. Contribution of each macrophage/monocyte subset towards the 

production of IL6 at 2 dpi and 4 dpi in Cohort 2 (n = 6). 



   

   

Figure 2.S10. Expression of CCR2 in monocytes in rhesus macaque BAL (Cohort 2 n = 

6) 

Figure 2.S11. Comparison of human lung macrophage/monocytes subsets with that of 

rhesus macaque 

Figure 2.S12. Expression of pro-inflammatory mediators in human BAL samples. 

Figure 2.S13. Annotation of pDC in BAL from untreated Cohort 1 (n=3) and baricitinib 

treated (n=2) rhesus macaques. 

Figure 3.1. Administration of IFNmod in uninfected RMs resulted in modest upregulation 

of ISGs without changes to inflammatory genes or inflammatory cytokines and 

chemokines. 

Figure 3.2. Administration of IFNmod in Calu-3 human lung cells modulated type I IFN 

responses and inhibited SARS-CoV-2 replication to levels comparable to Nirmatrelvir. 

Figure 3.3. IFNmod administration reduced viral loads of SARS-CoV-2 infected RMs. 

Figure 3.4. IFNmod administration resulted in lower levels of lung pathology and 

inflammatory cytokines and chemokines in SARS-CoV-2-infected RMs. 

Figure 3.5. IFNmod-treated RMs had lower frequencies of CD14+CD16+ monocytes and 

expression of Siglec-1 compared to untreated RMs. 

Figure 3.6. IFNmod treatment suppresses gene expression of ISGs, inflammation, and 

neutrophil degranulation in the BAL of SARS-CoV-2 infected NHPs. 

Figure 3.7. Effect of IFNmod treatment on gene expression of BAL single-cells using 10X. 

Figure 3.8.  Effect of IFNmod treatment on lung cells. 

Figure 3.S1. IFNmod treatment initiated post-SARS-CoV-2 infection leads to reduction in 

viral RNA loads and inflammatory gene expression. 



   

   

Figure 3.S2. Administration of IFNmod was safe and well-tolerated in SARS-CoV-2-

infected RMs. 

Figure 3.S3. IFNmod reduced nasopharyngeal, BAL, and lung viral loads in SARS-CoV-

2-infected RMs. 

Figure 3.S4. Mx1 is more highly localized to viral foci in untreated SARS-CoV-2-infected 

RMs and IFNmod treatment decreases lung pathology. 

Figure 3.S5. Flow gating strategy and expression of Siglec1+ in BAL. 

Figure 3.S6. IFNmod treatment does not impact SARS-CoV-2-specific T cell or 

neutralizing antibody responses. 

Figure 3.S7. Gene expression in BAL in rhesus macaques infected with SARS-CoV-2 

after treatment with IFNmod. 

Figure 3.S8. Gene expression in PBMCs and whole blood in rhesus macaques infected 

with SARS-CoV-2 after treatment with IFNmod. 

Figure 3.S9. Expression of marker genes in BAL single-cells. 

Figure 3.S10. Effect of IFNmod treatment on different BAL cell types. 

Figure 3.S11. Cell annotation of lung samples. 

Figure 3.S12. Effect of IFNmod treatment on gene expression of lung cells. 

  



   

   

Table Index 

Table 3.S1. Uninfected and SARS-CoV-2-infected macaque characteristics. 

Table 3.S2. Coronavirus Vaccine and Treatment Evaluation Network (CoVTEN) standard 

clinical assessment for cage-side scores, related to Fig. 3.S3b. 

Table 3.S3. Coronavirus Vaccine and Treatment Evaluation Network (CoVTEN) standard 

clinical assessment for anesthetized scores, related to Fig. 3.S3



   

 1 

Chapter 1: Introduction- SARS-CoV-2 

A. Origin and Initial Spread of SARS-CoV-2 

In December of 2019, a cluster of patients with pneumonia of unknown etiology 

was first reported in in Wuhan, a city in the Hubei Province of China 1, 2. These patients 

experienced symptoms of fever, difficulty breathing, and bilateral, pulmony infiltrates 

consistent with viral pneumonia and tested negative for common respiratory pathogens 

as well as SARS-CoV-1 and MERS-CoV. Additionally, these initial patients were found to 

have had direct contact with the Wuhan Huanan Seafood Wholesale Market shortly 

before developing symptoms 1-3. 

A novel coronavirus referred to as 2019 novel coronavirus (2019-nCoV) was 

isolated from the bronchoalveolar-lavage fluid of several of these patients in early 

January, 2020 and was later identified as the causative agent of the Wuhan outbreak 4, 5. 

2019-nCoV was later renamed as Severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) by The International Committee on Taxonomy of Viruses and the disease 

caused by infection with SARS-CoV-2 was termed Coronavirus Disease 2019 (COVID-

19) 6.  

Following the report of the initial cases, SARS-CoV-2 spread rapidly throughout 

China and several travel-related SARS-CoV-2 cases were detected in Thailand, Japan, 

the Republic of Korea, and the United States. SARS-CoV-2 was later confirmed to be 

spread through human-to-human transmission via respiratory droplets 7-9. On January 31, 

2020, the outbreak was declared a public health emergency by The U.S. Secretary of the 

Department of Health and Human Services (HHS) and a few months later on March 11, 

2020, after more than 118,000 COVID cases were reported in 114 countries and 4,291 
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individuals were recorded to have died from COVID-related causes, the WHO declared 

COVID-19 a global pandemic10-12. To date, there have been a total of more than 770 

million confirmed cases of COVID-19 during the pandemic, including greater than 6.9 

million deaths 13. 

In addition to SARS-CoV-2, only six other coronaviruses are known to infect 

humans: the common human coronaviruses (HCoV)-229E, HCoV-NL63, HCoV-OC43, 

and HCoV-HKU1 which cause mild respiratory symptoms and the highly pathogenic 

Severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and Middle East 

respiratory syndrome coronavirus (MERS-CoV). All six of these coronaviruses are 

believed to have zoonotic origins, with phylogenetic analyses indicating that SARS-CoV-

1, MERS-CoV, HCoV-NL63, and HCoV-229E originated from bat coronaviruses, while 

HCoV-OC43 and HCoV-HKU1 originated from rodent coronaviruses 14-17. The origins of 

SARS-CoV-2 are hotly debated, with theories spanning from a laboratory leak to zoonosis 

18. SARS-CoV-2 has been shown to possess 96.2% nucleotide homology with RaTG13, 

a coronavirus that was isolated from Rhinolophus affinis bats, indicating probable bat 

origin. However, given that the receptor binding domain (RBD) of the spike protein from 

RaTG13 is significantly different than the RBD of SARS-CoV-2, it is likely that there was 

an intermediate host19. Since wild and exotic animals including palm civets and racoon 

dogs, which were previously implicated as intermediate hosts for SARS-CoV-1, were 

known to have been traded in the Wuhan Huanan Market, it is probable that the first 

animal-to-human transmission event occurred in this setting 20. However, since the live 

animals that were being sold at the Huanan Market were removed when it was closed 
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and decontaminated on January 1st, 2020, the exact circumstances surrounding the initial 

emergence of SARS-CoV-2 will likely not be fully resolved 21. 

 

B. Clinical Features of COVID-19: 

The clinical presentation of COVID-19 varies widely, ranging from asymptomatic 

to respiratory failure and death. Patients with SARS-CoV-2 infection are generally 

grouped into the following categories based on the severity of illness: asymptomatic, mild 

illness, moderate illness, severe illness, and critical illness. Individuals with asymptomatic 

SARS-CoV-2 infection, by definition, do not present with COVID-19 symptoms. However, 

chest CT imaging abnormalities have been described in some asymptomatic patients 22. 

Individuals with mild illness generally experience one of more of the following: fever, 

headaches, fatigue, cough, sore throat, loss of taste and smell, nausea, vomiting, or 

diarrhea. Moderate COVID-19 illness is further defined by shortness of breath or dyspnea 

with pulse oximetry readings equal to or exceeding 94% SpO2. Individuals are classified 

as having severe COVID-19 if they meet one or more of the following criteria: SpO2 below 

94%, respiratory rate greater than 30 breaths per minute, greater than 50% lung 

infiltrates, or a PaO2/FiO2 less than <300 mm Hg. Finally, COVID-19 patients 

experiencing respiratory failure, multiple organ failure, and/or septic shock are considered 

to have critical COVID-19 illness 23. 

Estimates of the percentage of SARS-CoV-2-infected individuals that are 

asymptomatic differ considerably between studies and between SARS-CoV-2 variants. A 

meta-analysis of data collected from early in the pandemic indicated that 13.34% of 

individuals infected with SARS-CoV-2 were asymptomatic 24. However, later in the 
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pandemic when Omicron was the dominant variant, the pooled percentage of 

asymptomatic infections amongst individuals with confirmed Omicron infections was 

estimated to be much higher at 32.40% 25. In the first few months of the pandemic, it was 

reported by the Chinese Center for Disease Control and Prevention that of 44,672 

confirmed, symptomatic COVID-19 cases, 81% were mild, 14% were severe and 5% 

were critical 26. Additionally, the case fatality rate of COVID-19 was reported to be 2.3% 

in this study, which is substantially lower than that of SARS-CoV-1 (9.5%) and MERS-

CoV (34.4%) 27. Risk of progressing to severe COVID-19 has been found to be increased 

in individuals over the age of 50, particularly in people age 65 and older 28, 29. Additionally, 

underlying medical conditions including but not limited to chronic kidney disease, chronic 

respiratory disease, obesity, diabetes, hypertension, cardiovascular disease, and cancer 

were shown to be risk factors for severe COVID-19, with the risk increasing with higher 

numbers of comorbidities 30-34.  

Individuals infected with SARS-CoV-2 variants pre-dating Omicron generally 

reached peak viral loads around the same time as symptom onset, approximately 2-5 

days post infection 35-37. In Omicron-infected individuals, however, peak viral loads were 

typically not achieved until around 3 days after symptom onset 38. Symptoms are usually 

resolved within 7-10 days of symptom onset in individuals with mild to moderate COVID 

39. Individuals who progress to severe COVID-19 typically do so around 8 days after 

symptom onset and individuals who develop critical disease do so approximately 16 days 

after symptom onset 26. Severe and critical COVID-19 patients that recover typically take 

3-6 weeks to resolve symptoms 39. 
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Although COVID-19 symptoms are resolved in the majority of individuals within a 

few weeks, some individuals with COVID-19 have symptoms that persist, recur, or arise 

multiple months after SARS-CoV-2 infection. The WHO refers to this phenomena as long 

COVID (also known as post COVID-19 Condition or PASC (post-acute sequelae of 

COVID-19)) 40. Long COVID symptoms include but are not limited to fatigue, chest pain, 

heart palpitations, cough, dyspnea, abdominal pain, nausea, cognitive impairment, 

fatigue, disordered sleep, memory loss, tinnitus, erectile dysfunction, and irregular 

menstruation 41, 42. Some individuals with long COVID also report new-onset conditions 

including dysautonomia, postural orthostatic tachycardia syndrome (POTS), 

cardiovascular disease, thrombotic disease, type 2 diabetes, and chronic fatigue 

syndrome 43-47. It is estimated that approximately 10% of individuals infected with SARS-

CoV-2 have developed long COVID. The incidence of long COVID is believed to be 

highest in individuals that were originally hospitalized with COVID (50-70%) and 

estimated at 10-30% for non-hospitalized individuals 48. Females have been shown to be 

more at risk than males for developing long COVID and hispanics and LatinX are 

disproportionately affected 49. Individuals who had type 2 diabetes, Epstein-Barr virus 

viremia, or specific auto-antibodies at the time of original COVID-19 diagnosis also have 

been found to be at increased risk of long COVID 49. Importantly, vaccination has been 

shown to significantly decrease risk of developing long COVID, with an estimated 

incidence of only 10-12% in vaccinated individuals 50, 51.  

 

C. Viral Properties of SARS-CoV-2 
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SARS-CoV-2 is an enveloped, single-stranded, positive-sense (+ssRNA) virus 

belonging to the Betacoronavirus genus of the Coronaviridae family 52. Other members 

within Betacoronavirus genus include the common human coronaviruses (HCoV)-OC43 

and HCoV-HKU1 as well as Severe Acute Respiratory Syndrome Coronavirus 1 (SARS-

CoV-1) and Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 53. The 

genome of SARS-CoV-2 is approximately 30kb in length and was found to exhibit 

approximately 79% sequence identity with SARS-CoV-1 and 50% identity with MERS-

CoV 52. SARS-CoV-2 is arranged in 14 open reading frames (ORFs) that encode for a 

total of 29 proteins 54. Of these 29 proteins, 16 are nonstructural proteins (NSP1-16) and 

make up the SARS-CoV-2 replication-transcription complex (RTC) and nine are 

accessory proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and 

ORF10) whose main known functions are to suppress the host innate immune response. 

The remaining four proteins are structural and include the nucleocapsid (N), membrane 

(M), envelope (E), and spike (S) proteins55.  

The SARS-CoV-2 N protein is a RNA-binding protein that shares 91% sequence 

homology with the SARS-CoV-1 N protein 56.  The primary function of the N protein is to 

package the viral RNA genome into a ribonucleocapsid (RNP) complex 57. Additionally, 

the N protein also plays a role in regulating the host immune response, having been 

shown to both antagonize RNAi and inhibit IFN-I signaling 58, 59. The M protein is the most 

abundant structural protein in coronaviruses and plays a critical role in the assembly of 

the SARS-CoV-2 virion 60. 90% homology is shared between the M proteins of SARS-

CoV-2 and SARS-CoV-1 61. The E protein interacts with the M protein and also plays an 

essential part in SARS-CoV-2 viral assembly. Additionally, the E protein has been 
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implicated in functioning as a viporin and facilitating viral release 62. The S protein is a 

homotrimeric transmembrane glycoprotein that projects from and surrounds the surface 

of SARS-CoV-2 virions, forming the characteristic “crown-like” appearance associated 

with coronaviruses. The main function of the S protein is to bind to the host cellular entry 

receptor ACE2 (angiotensin converting enzyme 2) and mediate viral-cell membrane 

fusion 63. The S protein of SARS-CoV-2 is highly similar to the S protein of SARS-CoV-1, 

with 76% amino acid identity between the S proteins of both viruses 64. The S protein is 

composed of two subunits, S1 and S2, which mediate binding and viral fusion to the host 

cell respectively. S1 contains a receptor binding domain (RBD) which directly binds to the 

SARS-CoV-2 cellular entry receptor (ACE2) 21, 65. ACE2 is a negative regulator of the 

renin–angiotensin–aldosterone system (RAAS) and is widely expressed in different 

human tissues including the lower respiratory tract, lung, heart, thyroid, small intestine, 

and kidneys among others 66. Within the lung, ACE2 is primarily expressed by type II 

alveolar (AT2) and type I alveolar (AT1) epithelial cells 67. 

 

D. SARS-CoV-2 Viral Entry and Life Cycle 

Binding of SARS-CoV-2 RBD to ACE2 induces conformational changes in the 

spike protein that expose a cleavage site in the S2 subunit. Following ACE2 binding, the 

SARS-CoV-2 virion can enter the host cell via two different pathways: 1) cell surface entry 

or 2) endosomal entry. In the first pathway, the S2 subunit is cleaved by the host 

transmembrane protease serine 2 (TMPRSS2), triggering rearrangement and release of 

the fusion peptide into the cell membrane 68. TMPRSS2 has previously been shown to 

also cleave the spike protein of other coronaviruses including HCoV-229E, SARS-CoV-
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1, and MERS-CoV and is co-expressed with ACE2 in lung type II pneumocytes and nasal 

goblet secretory cells 69-72. If the host cell does not express sufficient levels of TMPRSS2, 

SARS-CoV-2 can enter the cell via clathrin-mediated endocytosis. Following endosomal 

acidification, S2 is then cleaved by the host cysteine protease cathepsin L (CTSL) in the 

endolysosome, resulting in conformational changes in the fusion peptide and its insertion 

into the endosomal membrane 73, 74.  

Following fusion of viral and host cell membranes, SARS-CoV-2 viral RNA is 

released and uncoated. The ORFs ORF1a and ORF1b are then directly translated by 

host machinery to produce polyproteins pp1a and pp1ab which are proteolytically cleaved 

into NSP1-16. NSP1-16 then assemble to form the RTC which drives the production of 

full length negative-sense genomic RNA (gRNA) that is used as a template for full length 

positive-sense gRNA. Additionally, through discontinuous transcription, a subset of 

negative-sense subgenomic RNAs (sgRNAs) are produced that, following transcription 

into positive-sense subgenomic mRNAs, are translated into structural and accessory 

proteins. The structural proteins and viral genomic RNA are then assembled into SARS-

CoV-2 virions in the ER-Golgi intermediate compartment where they undergo budding 75. 

In the Golgi apparatus, the S protein is cleaved by furin-like proteases into the 

aforementioned S1 and S2 subunits 76, 77. The newly minted SARS-CoV-2 virions then 

are then transported to the plasma membrane via the secretory pathway and released 

via exocytosis 75. 

In addition to being transmitted via cell-free virus, SARS-CoV-2 engages in a 

process called trans-infection where cells that are non-permissive to SARS-CoV-2 

infection capture virions and present them to permissive cells. These permissive cells are 
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then able to undergo ACE2-mediated infection. In the case of SARS-CoV-2, trans-

infection has been shown to be facilitated via lectin receptors such as DC-SIGN (Dendritic 

Cell-Specific Intercellular adhesion molecule-Grabbing Non-integrin), L-SIGN (liver/lymph 

node-specific Intercellular adhesion molecule-Grabbing Non-integrin), and Siglec-1 

(Sialic acid-binding Ig-like lectin 1) that are primarily expressed on the surface of antigen 

presenting cells (APCs)78. These receptors interact with sialylated gangliosides such as 

GM1 on the SARS-CoV-2 membrane, leading to the internalization of the SARS-CoV-2 

virion within a viral containing compartment (VCC) and the transfer of the virion to SARS-

CoV-2-susceptible ACE2- and TMPRSS2-expressing cells 78, 79.  

Non-productive SARS-CoV-2 infection has also been shown to take place in 

monocytes and macrophages through the phagocytosis of antibody-opsonized SARS-

CoV-2 via FCγRs. SARS-CoV-2 is able to replicate inside of blood monocytes and lung 

macrophages but these cells do not produce infectious virions because they undergo a 

form of inflammatory cell death called pyroptosis 80. 

  

E. Innate Immune Sensing of SARS-CoV-2 

The innate immune system of the host serves as the first line of defense against 

SARS-CoV-2. A multitude of innate immune cells including monocytes, macrophages, 

dendritic cells, neutrophils, and natural killer cells as well as non-immune cells such as 

epithelial cells express pattern recognition receptors (PRRs) that can recognize 

pathogen-associate molecular patterns (PAMPs) or damage-associated molecular 

patterns (DAMPs). These PRRs include toll-like receptors (TLRs), RIG-I-like receptors 

(RLR), and NOD-like receptors (NLRs). During SARS-CoV-2 viral entry and replication, 
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SARS-CoV-2 viral components can be sensed by PRRs located on the cell surface, in 

endosomes, and in the cytoplasm of host cells. Several studies have suggested that the 

SARS-CoV-2 E protein may be sensed by the cell surface toll-like receptor (TLR) TLR2 

and that the SARS-CoV-2 S protein binds to TLR1, TLR4, and TLR6 on the cell surface 

81-85. Additionally, SARS-CoV-2 infection has been shown to activate the endosomal 

PRRs TLR3 which recognizes dsRNA and TLR7 which recognizes ssRNA 86. In the 

cytosol, the RLRs RIG-I and MDA5 which sense 5′-triphosphate RNA and dsRNA 

respectively and the cytosolic DNA sensing pathway involving cyclic GMP-AMP synthase 

(cGAS)-stimulator of interferon genes (STING) have been shown to be activated by 

SARS-CoV-2 86-89. It is believed that SARS-CoV-2 may activate the cGAS-STING 

pathway through promoting the release of mitochondrial DNA in infected endothelial cells, 

which is then sensed by cGAS 89, 90. Finally, the NLR inflammasome sensor NLRP3 has 

also been suggested to sense infection with coronaviruses 91-93.  

Following sensing of SARS-CoV-2 viral components, PRR signaling results in the 

activation of IRF3 and IRF7 and subsequent induction of type I and type III interferons. 

Additionally, PRR signaling downstream of SARS-CoV-2 recognition also leads to the NF-

κΒ-mediated induction of pro-inflammatory cytokines such as IL-1β, IL-6, TNF, IL-12, IFN-

β, IFN-γ, and IL-1720. Additionally, pro-inflammatory chemokines such as CXCL8, 

CXCL10, MIP1alpha, and CCL2 are produced and recruit innate and adaptive immune 

cells from the periphery to the site of infection, in this case the lung, in an effort to contain 

and eliminate the pathogen 20.  

In severe COVID-19, a dysregulated release of these pro-inflammatory cytokines 

and chemokines has been observed and can progress to cytokine storm. Cytokine storm 
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can then lead to respiratory distress syndrome (ARDS), multi-organ failure, and death 20, 

94, 95. With the overexuberant proinflammatory cytokine response seen in severe COVID-

19, an increase of serum markers associated with severe inflammation including C-

reactive protein and ferritin which are induced by IL-6 as well as D-dimer have been 

observed 96-99.  Additionally, severe COVID-19 patients also experience an influx of 

proinflammatory monocyte-derived macrophages, neutrophils, and lymphocytes to the 

lung100.  

 

F. Type I IFN: 

Interferons (IFNs) are a group of multifaceted cytokines that can be classified into 

three different families: Type I IFN (IFN-I), Type II IFN (IFN-II), and Type III IFN (IFN-III).   

Type I IFNs were first described by Alick Isaacs and Jean Lindenmann in 1957 

while studying the phenomena of viral interference and play critical roles in antiviral 

immunity 101-105. In humans, the Type I IFN family is made up of 13 different IFNα subtypes 

(IFN-α1, -α2, -α4, -α5, -α6, -α7, -α8, -α10, -α13, -α14, -α16, -α17 and -α21), and one 

subtype each of IFNβ, IFNɛ, IFNτ, IFNκ, IFNω, IFNδ and IFNζ 106. As was described 

previously, IFN-I are produced following the sensing of PAMPs or DAMPs via PRRs which 

are located on the plasma membrane, in the endosomes, or in the cytosol 107. PAMPs 

binding to their respective PRRs results in the downstream activation of the transcription 

factors IRF3/IRF7 which translocate to the nucleus and promote the expression of IFN-I.  

While the majority of cells are capable of producing IFN-I, plasmacytoid DCs (pDCs) are 

known to rapidly produce large quantities of IFN-I in response to viral infections, 

accounting for 95% of type I IFN production by mononuclear cells 108.  
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IFN-I binds to a heterodimeric receptor composed of two subunits, Interferon Alpha 

and Beta Receptor Subunit 1 (IFNAR1) and Interferon Alpha and Beta Receptor Subunit 

2 (IFNAR2), to form a ternary complex. IFNAR1 and IFNAR2 are ubiquitously expressed 

on the surface of all nucleated cells and are associated with the Janus activated kinases 

(JAKs) tyrosine kinase 2 (TYK2) and JAK1 respectively. Following ligand binding to the 

IFN-I receptor, IFNAR1 and IFNAR2 are dimerized and their associated Janus activated 

kinases are autophosphorylated and activated. Next, signal transducer and activator of 

transcription (STATs) are recruited and phosphorylated and form complexes that are 

translocated to the nucleus. One of these complexes is composed of STAT1, STAT2, and 

IFN-regulatory factor 9 (IRF9) and is called IFN-stimulated gene (ISG) factor 3 (ISGF3). 

Additionally, complexes made up of STAT2 homodimers and IRF9 as well as complexes 

made up of STAT1 homodimers are formed. After translocating to the nucleus, both the 

ISGF3 and STAT2/IRF2 complexes bind to IFN-stimulated response elements (ISREs) 

on the promoters of ISGs, resulting in ISG transcription and the STAT1 homodimers bind 

to gamma-activated sequences (GASs), inducing the transcription of pro-inflammatory 

genes 109.  

ISGs encode a variety of proteins whose activities can be broadly categorized as 

antiviral or antiproliferative/immunomodulatory. Antiviral ISGs inhibit viral replication 

through multiple mechanisms including blocking viral transcription, blocking viral mRNA 

translation, and degrading viral RNA. ISGs with antiviral activity include 2′,5′-

oligoadenylate (OAS), Protein kinase R (PKR), and MX1 110. Antiviral ISGs are classified 

as “robust” ISGs as their expression requires small amounts of IFN-I signaling and is 

largely not influenced by IFN-I binding affinity. Conversely, 
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antiproliferative/immunomodulatory ISGs such as CXCL11, IL-8, and IRF1 require much 

higher amounts of IFN-I signaling and are more strongly activated by high affinity IFN-I 

and are therefore classified as being “tunable” ISGs 111.  

 

G. IFN-I Responses in Severe COVID-19 Patients: 

Although high levels of type I IFN are often observed in individuals infected with 

common cold coronaviruses including HCoV-229E, infection with the highly pathogenic 

coronaviruses SARS-CoV-1 or MERS-CoV has typically been shown to result in more 

dampened IFN-I responses 112, 113.  Similar to what was observed in SARS-CoV-1 and 

MERS-CoV, there were multiple reports of impaired IFN-I responses in patients with 

severe COVID-19 early in the pandemic. Enrichment for rare inborn errors of IFN-I 

immunity (TLR3, IRF7, TICAM1, TBK1, or IFNAR1) and neutralizing autoantibodies 

against IFN-I were observed in patients with life-threatening COVID-19 in multiple studies 

114-118. Additionally, Hadjadj et al. observed an absence of IFN-β and impaired IFN-α 

production in the blood of severe and critical COVID-19 patients 119. Conversely, Kwon et 

al. found that high levels of blood IFN-α were associated with COVID-19 severity and 

Broggi et al. observed that the morbidity of individuals hospitalized with COVID-19 

correlated with a high expression of both IFN-I and IFN-III in BAL fluid 120, 121. 

 While the results of these studies were largely considered to be contradictory, it is 

likely that both too little and too much IFN-I can have detrimental impacts in SARS-CoV-

2 infection. For example, insufficient levels of IFN-I signaling have the potential to lead to 

uncontrolled virus replication and sustained levels of IFN-I can drive immunopathology. 

Additionally, timing also likely plays a major role in whether IFN-I is protective or 
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detrimental, with early IFN-I responses being beneficial and later or sustained IFN-I 

responses being detrimental. 

 

H. Inhibition of IFN-I by SARS-CoV-2: 

Previously, multiple SARS-CoV-1 proteins that antagonize IFN-I production and 

signaling have been identified including but not limited to nsp1, papain-like protease 

(PLpro), nsp7, nsp15, orf3b, M protein, orf6 and N protein 122-135. Given the high amino 

acid sequence homology between SARS-CoV-2 and SARS-CoV-1 proteins, it is 

unsurprising that many of SARS-CoV-2 proteins have been found to also inhibit IFN-I 

production and signaling 136.  

As described previously, IFN-I are produced following sensing of PAMPs via PRRs 

and downstream signaling. SARS-CoV-2 is capable of evading recognition by PRRs and 

thus, blocking the downstream production of interferon, through multiple mechanisms. 

For example, SARS-CoV-2 replicates its genome inside of double membrane vesicles 

which allows it evade detection of its dsRNA intermediates by RIG-I and MDA-5 137. 

Additionally, SARS-CoV-2 non-structural proteins nsp14 and nsp16 also help SARS-

CoV-2 evade detection by RIG-I and MDA-5 by modifying the cap-like structure of SARS-

CoV-2 viral RNA to mimic that of host mRNA 138. Multiple SARS-CoV-2 proteins have also 

been shown to block the downstream signaling of RIG-I and MDA-5, therefore also 

interfering with IFN-I production. SARS-CoV-2 nsp5, for example, was found to promote 

the proteasome-mediated destruction of MAVS, a signaling adaptor protein of RIG-I and 

MDA5. Additionally, SARS-CoV-2 nsp13 has also been shown to blocks TBK1 

phosphorylation and SARS-CoV-2 nsp6 to bind to TBK1 and suppress phosphorylation 
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of IRF3 139, 140. Proteins encoded by SARS-CoV-2 also have been shown to inhibit IFN-I 

signaling. For example, Nsp14 has been shown to target IFNAR1 for degradation, ORF3a 

induces Suppressor of Cytokine Signaling 1 (SOCS1) thus preventing activation of JAKs, 

and ORF7a and ORF7b block STAT2 phosphorylation 140-142. 

                                                                    

I. Animal Models of COVID-19: 

In order to more thoroughly characterize the pathogenesis of SARS-CoV-2 and 

evaluate the efficacy of candidate COVID-19 therapeutics and vaccines, considerable 

efforts have been made to identify appropriate animal models for COVID-19 that 

recapitulate the spectrum of human disease.  

Early modeling studies predicted that the RBD of SARS-CoV-2 would likely 

recognize ACE2 orthologues from bats, civets, ferrets, non-human primates, cats, and 

pigs but would likely not recognize ACE2 from mice and rats 21. Notably, it was shown 

that ACE2 in apes, African monkeys, and Asian monkeys possessed the same twelve 

amino acid residues as human ACE2 that were determined to be critical for virus 

recognition 143.The ability of SARS-CoV-2 to infect HeLa cells expressing ACE2 from 

Chinese horseshoe bats, civets, pigs and mice was then evaluated and showed that 

SARS-CoV-2 was able to use ACE2 from all of these species save for mouse as an entry 

receptor to infect host cells 19. Animal SARS-CoV-2 challenge studies later confirmed that 

bats, ferrets, non-human primates, cats, dogs, and golden Syrian hamsters were 

susceptible to SARS-CoV-2 infection but showed that both pigs and mice were not 144-149.  

Although wild type mice were shown to not be susceptible to SARS-CoV-2 

infection, multiple different approaches have been taken to establish mouse models of 
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SARS-CoV-2. One such method has been to generate mouse-adapted SARS-CoV-2 

strains such as MASCp6, HRB26M, MA10, and WBP-1 to increase the binding affinity of 

the SARS-CoV-2 Spike RBD to wild type mouse ACE2; these strains have been shown 

to not only establish infection in wild type mice but also result in mild to lethal disease 150-

152. An additional strategy has been to use transgenic, CRISPR/Cas9 knockin-in, or viral-

vector transduction approaches to express human ACE2 (hACE2) in mice, thereby 

sensitizing them to wild type SARS-CoV-2 infection 146, 153-155. hACE2 mice develop mild 

to severe lung pathology and K18-hACE2 and HFH4-hACE2 mice in particular have been 

shown to progress to lethal disease 156, 157.  

Another small animal model that has been widely used for SARS-CoV-2 studies is 

Syrian hamsters (Mesocricetus auratus). Syrian hamsters challenged with high-dose, 

intranasal SARS-CoV-2 inoculum have been shown to recapitulate severe COVID-19, 

making it an ideal model to both study the pathogenesis of severe COVID-19 and to 

evaluate candidate therapeutics for severe and critical disease. In particular, Syrian 

hamsters challenged with high dose SARS-CoV-2 have been shown to have severe 

pneumonia, high viral loads, upregulation of pro-inflammatory cytokine and chemokine 

gene expression in the lungs, and partial mortality consistent with what is observed in 

patients with severe COVID-19 145, 158.  

Non-human primate models of SARS-CoV-2 infection have proven to be essential 

for the pre-clinical evaluation of candidate therapeutics and vaccines159-161. Non-human 

primate species that have been shown to be susceptible to SARS-CoV-2 infection include 

African green monkeys (Chlorocebus aethiops), rhesus macaques (Macaca mulatta), 

cynomolgus macaques (Macaca fascicularis), common marmosets (Callithrix jacchus) 
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and baboons (Papio hamadryas) 162. African green monkeys (AGMs) infected with SARS-

CoV-2 develop a spectrum of disease, with the majority experiencing mild disease and 

only several animals progressing to moderate or severe disease 163-167. Importantly, unlike 

other in SARS-CoV-2 NHP models, acute respiratory distress syndrome (ARDS) has 

been observed in several AGMs 168. Lung pathology in infected AGMs has been shown 

to vary, with several animals having no lung lesions at necropsy and others having 

evidence of hemorrhage, edema, and lymphadenopathy165. Studies of SARS-CoV-2 

infection in cynomolgus macaques have shown that only about half of the animals 

develop clinical symptoms of disease but the majority of animals develop interstitial 

pneumonia 147, 162, 165, 169-171. Rhesus macaques have been shown in multiple studies to 

support high levels of SARS-CoV-2 viral replication in the upper and lower airways, 

develop SARS-CoV-2-specific antibody and T cell responses similar to humans, and 

generally experience mild symptomatic disease with the minority of infected animals 

experiencing viral pneumonia147, 148, 172. Additionally, we and others have observed that 

acute SARS-CoV-2 infection in RMs macaques elicits many of the immunopathological 

events (including elevated inflammatory cytokines and chemokines, recruitment of 

monocytes and neutrophils, formation of neutrophil extracellular traps (NETs), induction 

of IFN-I inflammatory genes) reported in individuals with COVID-19 173, 174.  

 

J. COVID-19 Vaccines 

The development of SARS-CoV-2 vaccines has occurred at an unprecedented rate 

during the COVID-19 pandemic, owing to recent advancements in vaccine technology 

and decades of prior research on structure-based vaccine design for other viral 
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pathogens 175-179. To date, four COVID-19 vaccines have received emergency use 

authorization (EUA) by the U.S. Food and Drug Administration (FDA): the Pfizer-

BioNTech (BNT162b2) COVID-19 Vaccine, the Moderna (mRNA-1273) COVID-19 

Vaccine, the Janssen (JNJ-78436735) COVID-19 Vaccine, and the Novavax (NVX-

CoV2373) COVID-19 Vaccine 180. 

The four vaccines that were granted EUAs by the FDA utilize a variety of vaccine 

platforms; the Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) vaccines use an 

mRNA platform, the Janssen (JNJ-78436735) COVID-19 vaccine uses a recombinant 

viral vector platform, and the Novavax (NVX-CoV2373) vaccine uses a protein subunit 

platform. Both the BNT162b2 and mRNA-1273 vaccines consist of a lipid nanoparticle-

encapsulated mRNA that encode the full-length, prefusion-stabilized (S-2P) SARS-CoV-

2 spike protein. However, the BNT162b2 and mRNA-1273 vaccines vary in their dosing 

regimen, with BNT162b2 being administered in two 30μg doses 21 days apart and 

mRNA-1273 being given in in two 100μg doses administered 28 days apart. In Phase 1 

trials evaluating BNT162b2 and mRNA-1273 vaccines, both vaccines were found to have 

a mild reactogenicity profile181, 182. Additionally, both vaccines were observed to result in 

high titers of SARS-CoV-2-neutralizing antibodies that were boosted following 

administration of the second doses and to elicit antigen-specific CD4 T-cell responses 

that were Th1-biased 181-183. Remarkably, both mRNA vaccines showed high efficacy in 

Phase 2/3 trials, with BNT162b2 conferring 95% protection against confirmed Covid-19 

in individuals that had received their second dose at least 7 days prior and mRNA-1273 

having 94.1% efficacy at preventing symptomatic Covid-19 in individuals that had 

received their second dose at least 14 days prior 184, 185. Based on the highly encouraging 
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results of these trials, the BNT162b2 and mRNA-1273 vaccines were the first to receive 

EUA from the FDA on December 11 and December 18, 2020, respectively 186, 187. The 

Pfizer-BioNTech and Moderna COVID-19 vaccines were later granted full approval by the 

FDA on August 23, 2021 and January 31, 2022 respectively and have since been updated 

to the bivalent formulation with the original and Omicron BA.4/BA.5 strains 188-190. 

On February 27, 2021, Janssen’s COVID-19 vaccine (JNJ-78436735) became the 

third to receive emergency use authorization by the FDA 187. JNJ-78436735 is 

recombinant vaccine with a replication-incompetent adenovirus serotype 26 (Ad26) 

vector which encodes the prefusion-stabilized SARS-CoV-2 spike protein 191. 

Administered as a single 5×1010 viral particle dose, the JNJ-78436735 vaccine was 

shown to be 66.9% protective against moderate to severe–critical Covid-19 in individuals 

who had received their vaccine within at least 14 days of onset 191. Although the JNJ-

78436735 vaccine was originally shown to have a mild to moderate reactogenicity profile, 

cases of individuals that developed thrombosis with thrombocytopenia syndrome (TTS) a 

few weeks after vaccination with JNJ-78436735 started being reported in April of 2021 

192. TTS is a rare and potentially-life threatening syndrome characterized by blood clot 

formation and thrombocytopenia and, prior to being reported in patients who had received 

the JNJ-78436735 COVID-19 vaccine, had also been reported in several individuals that 

received the ChAdOx1 nCoV-19 AstraZeneca COVID-19 vaccine which is also an 

adenovirus-vector-based 193. These reports resulted in a pause in the administration of 

the JNJ-78436735 COVID-19 vaccine which was lifted several weeks later after a 

thorough review. However, after continued monitoring, the FDA later announced on May 

5, 2022 that, due to TTS risks, they were limiting the authorized use of the JNJ-78436735 
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COVID-19 vaccine to only adults that could not receive the other authorized COVID-19 

vaccines due to access issues or medical contraindications 194. JNJ-78436735 later had 

its emergency use authorization revoked on June 1, 2023 after Janssen Biotech Inc. 

voluntarily requested its withdrawal 195. 

The Novavax (NVX-CoV2373) vaccine was the most recent COVID-19 vaccine to 

be granted authorization for emergency use on July 13, 2022. A recombinant, full-length, 

prefusion-stabilized, spike nanoparticle vaccine with a saponin-based adjuvant named 

Matrix-M, NVX-CoV2373 is administered as a two 5μg protein, 50μg adjuvant doses 

spaced 21 days apart and was shown to be 90.4% effective at preventing symptomatic 

COVID-19 196, 197.  

In addition to the four aforementioned vaccines, the WHO has also approved the 

following vaccines for emergency use: the ChAdOx1-S recombinant COVID-19 vaccines 

made by AstraZeneca and the Serum Institute of India Pvt. Ltd, the SARS-CoV-2 rS 

Protein Nanoparticle recombinant vaccine from Serum Institute of India Pvt. Ltd, the Ad5-

nCoV-S recombinant vaccine from CanSino Biologics Inc., the recombinant protein 

subunit vaccine from SK Bioscience Co., Ltd, and inactivated COVID-19 vaccines from 

the Beijing Institute of Biological Products Co., Ltd. (BIBP) and Sinovac Life Sciences 

Co., Ltd, and Bharat Biotech International Ltd 198. 

Although the initial reported efficacy of these COVID-19 vaccines was highly 

encouraging, vaccine-induced immunity has been shown to wane over time 199-204. 

Additionally, VOCs have emerged that are less susceptible to neutralization by antibodies 

elicited in vaccinated individuals. Therefore, repeated boosting and updates to the 
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composition of vaccines to reflect dominant SARS-CoV-2 variants is likely needed to 

maintain protection 205. 

 

K. SARS-CoV-2 Variants 

As an RNA virus with an error-prone RNA-dependent RNA polymerase (RdRp) 

that has low proofreading capacity, SARS-CoV-2 is prone to mutations during viral 

replication, with an estimated mutation rate of 1 × 10–6–2 × 10–6 mutations per nucleotide 

per replication cycle. Additionally, since SARS-CoV-2 undergoes discontinuous 

transcription, it is subject to high rates of recombination, further contributing towards 

genetic diversity 206. The majority of SARS-CoV-2 mutations are likely deleterious and 

purged or are neutral and remain silent. However, some mutations can result in 

phenotypic changes that confer a fitness advantage and drive viral evolution. 

Due to the potential for SARS-CoV-2 to evolve to become more transmissible, 

evade neutralizing antibody responses elicited by vaccines, and/or become resistant to 

current therapeutics, considerable efforts have been made to track emerging SARS-CoV-

2 variants. The SARS-CoV-2 Interagency Group (SIG) was established by the U.S. 

Department of Health and Human Services (HHS) to classify emerging SARS-CoV-2 

variants into one of four classes based on risk to global health: variants of concern 

(VOCs), variants of interest (VOIs), variants of high consequence (VOHCs), and variants 

being monitored (VBMs). The SIG defines a VOC as a variant that 1) has increased 

clinical disease severity, 2) results in a change in COVID-19 epidemiology that requires 

major public health interventions, and/or 3) results in a significant decrease in the efficacy 

of current vaccines in preventing severe disease. Since the beginning of the pandemic, 
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five different SARS-CoV-2 variants have been designated as VOCs: Alpha (B.1.1.7), Beta 

(B.1.351), Gamma (P.1), Delta (B.1.617.1/2), and, most recently, Omicron (B.1.1.529) 207. 

During the first 11 months of the COVID-19 pandemic, little diversifying selection 

in SARS-CoV-2 took place in humans 208. However, in October of 2020, a new SARS-

CoV-2 variant named Alpha (B.1.1.7) began to emerge in the United Kingdom 209. The 

Alpha variant possessed a total of 17 mutations in the viral genome as compared to the 

ancestral virus, with eight of these mutations being present in the spike protein210. As 

compared to the ancestral Wuhan strain, Alpha was observed to possess significant 

transmission advantages and quickly became the dominant SARS-CoV-2 variant in the 

UK before spreading globally 210.  

The second VOC, Beta (B.1.351), was first reported in South Africa in October 

2020 and was shown to possess nine mutations in the spike protein relative to the 

ancestral strain, with three of these mutations (K417N, E484K, and N501Y) located in the 

Spike RBD 211. Like Alpha, Beta was found to have increased RBD binding affinity to 

ACE2 as well as enhanced transmissibility 212-214. Additionally, Beta was more resistant 

to neutralization by existing monoclonal antibody therapies and sera from vaccinated or 

previously infected individuals 214. Gamma (P.1.) was the third SARS-CoV-2 variant to be 

classified as a VOC and was first identified in December 2020 in Brazil 215. Containing 11 

mutations in the spike protein, three of which were located in the RBD (K417T, E484K, 

and N501Y), Gamma also was shown to have increased resistance to monoclonal 

antibody therapies, convalescent sera, and sera from vaccinated individuals 214, 215.  

The fourth variant of concern, Delta (B.1.617.1/2), was first identified in December 

of 2020 in India and was initially only considered a variant of interest (VOI). However, 
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following the second wave of COVID-19 infections in India that occurred in April of 2021, 

the WHO re-classified it as a VOC in May of 2021 216. Delta contained a total of eight 

mutations in the spike protein, with L452R and T478K mutations in the RBD, and was 

less susceptible to neutralization by monoclonal antibody therapies available at the time 

including bamlanivimab and antibodies from individuals that had been previously infected 

or vaccinated 217, 218. Importantly, infection with the Delta variant in unvaccinated 

individuals resulted in more severe disease than infection with the ancestral strain and 

breakthrough infections were observed in fully vaccinated individuals, prompting the 

recommendation of an additional booster dose 219, 220. 

The fifth SARS-CoV-2 variant to be classified as a VOC by the WHO was Omicron 

(B.1.1.529) 221. First identified in samples collected in South Africa in mid-November of 

2021, Omicron spread at an unprecedented rate and was reported to be the dominant 

global SARS-CoV-2 variant by January 11th, 2022 222. With over 30 mutations in the 

SARS-CoV-2 spike protein, 15 of which are located in the RBD, B.1.1.529 had the largest 

number of mutations of all of the variants previously categorized as VOCs 223. Initial 

modeling studies predicted that Omicron was 2.8 times as infectious as the Delta variant 

and had an 88% likelihood of escaping neutralizing antibody responses elicited by the 

vaccines available at the time 224. Additionally, Omicron was shown to be the most 

resistant VOC to IFNβ in vitro 225. Since the first emergence of Omicron, several 

subvariants of B.1.1.529 have emerged including BA.1, BA.2, BA.3, BA.4, and BA.5. 

Additionally, recombinant sub-variants of Omicron have also emerged including XD, XE, 

XF, XBB, XBD, and XBF 226.   
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At the time of writing, the EG.5 variant has newly been designated as a VOI and 

BA.2.86 as a VBM. EG.5 or “Eris” is a descendant lineage of XBB.1.9.2 that was first 

reported on February 17th 2023 and, as of late July 2023, has increased in global 

prevalence to 17.4%. Given its increased prevalence as well as its observed growth 

advantage and immune escape characteristics, EG.5 was designated as a VOI by the 

WHO on August 9th 2023 227. BA.2.86 or “Pirola” is believed to be a descendant of the 

Omicron subvariant BA.2. Although only a total of six cases of BA.2.86 have been 

reported as of August 21st, 2023, the broad geographic distribution (Israel, Denmark, the 

United Kingdom and the United States) and lack of a link between cases indicates that 

this variant is already widespread. Importantly, BA.2.86 is a highly mutated BA.2 variant, 

carrying a total of 34 amino-acid mutations in the spike protein alone, raising concerns 

that BA.2.86 will be able to escape neutralizing antibodies elicited by current vaccines 

and previous natural infections 228, 229.  

 

L. COVID-19 Therapeutics: 

COVID-19 therapeutics that have been authorized by the FDA can be broadly 

categorized into the following classes: antibody-based therapies, anti-inflammatory 

agents, and antiviral agents.  

Early in the pandemic, plasma from patients that had previously recovered from 

COVID-19 (referred to as convalescent plasma) was used to treat individuals with severe 

COVID-19 in the hopes that the polyclonal SARS-CoV-2-specific antibodies in the 

convalescent plasma would neutralize virus in the recipient 230. However, multiple 

randomized control trials (RCTs) including the RECOVERY trial later showed that 
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convalescent plasma treatment in patients hospitalized with COVID-19 had no effect on 

mortality or progression to ventilation 231-233. Additionally, a meta-analysis of convalescent 

plasma treatment in mild-to-moderate COVID-19 patients showed no clinical benefit 234. 

A multitude of monoclonal antibodies (mAbs) that neutralize SARS-CoV-2 have also been 

developed as COVID-19 prophylactics and therapeutics. These mAbs primarily target the 

RBD of the SARS-CoV-2 spike protein and block the interaction between SARS-CoV-2 

spike and host ACE2. Casirivimab/imdevimab was the first mAb therapy to be authorized 

for emergency use in COVID-19 patients by the FDA. This was followed by the EUA of 

SARS-CoV-2 neutralizing mAbs Bamlanivimab/etesevimab, Sotrovimab, 

Tixagevimab/cilgavimab (Evusheld), and Bebtelovimab. With the exception of Evusheld 

which was used for pre-exposure prophylaxis in high risk individuals, these antibodies 

were authorized to treat individuals with mild to moderate COVID-19 that had developed 

symptoms less than seven days prior and were shown to reduce the risk of both 

hospitalization and death 235-237. Despite the initially demonstrated efficacy of these 

SARS-CoV-2 neutralizing mAbs, the emergence of variants resistant to neutralization by 

these antibodies has rendered them ineffective and necessitated the development of new 

mAb therapies. Currently, no mAb is authorized for use in COVID-19 patients in the United 

States owing to the resistance of previous mAbs to Omicron 238. 

Anti-inflammatory agents currently authorized for use by the FDA include the 

JAK1/2 inhibitor baricitinib and the anti-IL-6 receptor monoclonal antibody Tocilizumab 

239. Prior to the pandemic, both of these medications were FDA approved for the treatment 

of moderate to severe rheumatoid arthritis, with Tocilizumab also having been approved 

for giant cell arteritis, systemic sclerosis-associated interstitial lung disease, polyarticular 
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juvenile idiopathic arthritis, systemic juvenile idiopathic arthritis, and cytokine release 

syndrome 240, 241. Early in the pandemic, artificial intelligence algorithms predicted 

baricitinib as a potential COVID-19 therapeutic 242, 243. Subsequent in vitro studies showed 

that baricitinib was may not only be capable of inhibiting the signaling of pro-inflammatory 

cytokines implicated in severe COVID-19 but could potentially inhibit cellular entry of 

SARS-CoV-2 through blocking clathrin-mediated endocytosis 244. Baricitinib treatment 

was also shown to reduce systemic inflammation, lung pathology, and pro-inflammatory 

cytokine expression in lung macrophages in SARS-CoV-2-infected rhesus macaques, 

although it did not result in a reduction in viral loads 173. Importantly, baricitinib was 

evaluated in patients hospitalized with COVID-19 in the ACTT2 and CoV-BARRIER 

clinical trials and was shown to reduce mortality and time to recovery when administered 

in combination with remdesivir compared to remdesivir treatment alone, especially in 

individuals that required high-flow oxygen or noninvasive ventilation 245, 246. The FDA 

originally granted EUA for baricitinib co-administered with remdesivir in patients 

hospitalized with COVID-19 that required supplemental oxygen, invasive mechanical 

ventilation, or extracorporeal membrane oxygenation (ECMO) on November 19, 2020. 

Baricitinib was later FDA approved for the treatment of adults hospitalized with COVID-

19 who required supplemental oxygen, non-invasive or invasive mechanical ventilation, 

or extracorporeal membrane oxygenation (ECMO) on May 11, 2022, making it the first 

immunomodulatory agent to receive full FDA approval for the treatment of COVID-19 247, 

248. 

Early studies of Tocilizumab in patients with severe COVID-19 indicated that 

Tocilizumab may reduce mortality and risk of invasive mechanical ventilation 249, 250. 
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Additional, larger clinical trials later showed a clear clinical benefit of Tocilizumab, with 

critically ill COVID-19 patients that received Tocilizumab in the REMAP-CAP trial and The 

RECOVERY group trial experiencing lower in-hospital mortality than patients that did not 

receive Tocilizumab 249, 251. Based on these results, Tocilizumab was FDA approved on 

December 21, 2022, for the treatment of adults hospitalized with COVID-19 that were 

receiving systemic corticosteroids and required one of the following: supplemental 

oxygen, non-invasive or invasive mechanical ventilation, or extracorporeal membrane 

oxygenation (ECMO) 252. 

Three antiviral agents are currently either FDA approved or authorized for 

emergency use for the treatment of COVID-19. These include remdesivir, Nirmatrilvir-

ritonavir, and Molnupiravir 239. Remdesivir (GS-5734) is a nucleotide prodrug of an 

adenosine analog that blocks viral replication through binding to and inhibiting the viral 

RNA-dependent, RNA polymerase 253. A broad-spectrum antiviral, remdesivir was 

previously shown to have antiviral activity against SARS-CoV, MERS-Co-V, Ebola, and 

respiratory syncytial virus (RSV) 249, 253, 254. Initial in vitro studies showed that remdesivir 

was also an effective antiviral against SARS-CoV-2 255. However, intravenous remdesivir 

was shown to have no effect or at most, be marginally beneficial in patients hospitalized 

with COVID-19 in clinical trials 256-260. In the interim report of the WHO Solidarity trial, 

remdesivir-treated inpatients were reported to have similar in-hospital mortality and 

hospitalization duration to those receiving no trial drug 256. Additionally, in the Adaptive 

Covid-19 Treatment Trial (ACTT-1), remdesivir showed little effect on time to recovery in 

hospitalized patients on high-flow oxygen or ventilation and only a 1-2 day reduction in 

median time to recovery in hospitalized patients not on high-flow oxygen or ventilation 257. 
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In spite of this, remdesivir was granted FDA approval on October 22, 2020, making it the 

first treatment to be FDA approved for COVID-19. Due to the lack of evidence of 

remdesivir being beneficial at the time of its FDA approval, the WHO issued a conditional 

recommendation against using remdesivir in hospitalized patients 252. However, the WHO 

continued randomization of patients to remdesivir in the ongoing Solidarity trial to further 

investigate its efficacy and, in an updated report published in May of 2022, showed that 

remdesivir-treated hospitalized COVID-19 patients that were not ventilated experienced 

a decrease in-hospital mortality (11.9% vs. 13.5%) and progression to ventilation (14.1% 

vs. 15.7%) compared to hospitalized COVID-19 patients that were not ventilated and did 

not receive remdesivir. Consistent with the interim report, however, the full report still 

concluded that for individuals that were ventilated, remdesivir did not have a beneficial 

impact 261. Based on these final Solidarity trial results, the WHO revised their conditional 

recommendation to include remdesivir as a treatment for severe COVID-19 262. 

Additionally, a placebo-controlled clinical trial of remdesivir in COVID-19 outpatients at 

high risk of progressing to severe disease showed that early administration of remdesivir 

resulted in an 87% lower risk of hospitalization 263. This led to the WHO and FDA to update 

their respective recommended use and approval of remdesivir to include COVID-19 

outpatients with mild to moderate disease at high risk of progressing to severe disease 

264. 

Nirmatrilvir-ritonavir is packaged and sold together under the brand name Paxlovid 

and received FDA EUA on December 22, 2021 and FDA approval on May 25, 2023 for 

use in individuals with mild to moderate COVID-19 at risk of progressing to severe disease 

265. As such, Paxlovid was the first oral antiviral FDA approved for the treatment of 
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COVID-19. Nirmatrilvir is an inhibitor of 3CL protease, the main protease of SARS-CoV-

2 that cleaves the SARS-CoV-2 pp1a and pp1ab polyproteins into multiple nonstructural 

proteins, while ritonavir is an inhibitor of cytochrome P450 (CYP) 3A4 that functions to 

boost the oral availability of nirmatrilvir which would otherwise be metabolized by CYP3A4 

266, 267. In vitro, Nirmatrelvir was shown to inhibit viral replication of multiple coronaviruses, 

including SARS-CoV-2, SARS-CoV-1, and MERS-CoV as well as common cold-causing 

coronaviruses HKU1, OC43, 229E, and NL63. In vivo, Nirmatrilvir was shown in a mouse-

adapted SARS-CoV-2 model to reduce lung pathology, lung viral loads, and weight loss 

268. Remarkably, Paxlovid was shown in the EPIC-HR trial to reduce the risk of 

hospitalization or death by 89% as compared to placebo in COVID-19 outpatients that 

were both unvaccinated and at high risk of progressing to severe COVID-19 and was 

recently shown in a retrospective cohort study to also reduce the risk of COVID-19 ER-

visits, hospitalization, or death in vaccinated individuals 269, 270. 

Molnupiravir is a broad-spectrum antiviral with demonstrated antiviral activity 

against influenza, Ebola, Venezuelan equine encephalitis virus (VEEV), SARS-CoV-1, 

MERS-CoV, and SARS-CoV-2 271-274. A ribonucleoside analog, molnupiravir inhibits 

RNA-dependent RNA polymerase similar to remdesivir and was shown in the MOVe-OUT 

trial to modestly reduce the risk of hospitalization and death in unvaccinated COVID-19 

outpatients at high risk for progressing to severe COVID-19 from 9.7% in the placebo 

group to 6.8% in the molnupiravir group 272, 275. Molnupiravir was authorized for 

emergency use by the FDA in COVID-19 outpatients at high risk of severe disease on 

December 23, 2021 but has not received full FDA approval 276.  
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M. Evaluating IFN as a Therapeutic for COVID-19: 

Type I interferons have been approved by the Food and Drug Administration (FDA) 

to treat a variety of diseases. For example, non-pegylated and pegylated forms of IFNα-

2a and IFNα-2b in combination with the antiviral Ribavirin have been used to treat chronic 

hepatitis B and chronic hepatitis C infections for over thirty years. IFNα-2b is also FDA 

approved for the treatment of certain cancers including but not limited to hairy cell 

leukemia, AIDS-related Kaposi sarcoma, and follicular non-Hodgkin lymphoma 277. More 

recently, a mono-pegylated interferon (IFN) α-2b isoform called ropeginterferon alfa-2b 

was also FDA approved for the treatment of adults with the rare blood cancer 

polycythemia vera (PV) 278, 279. Additionally, IFNβ-1a, pegylated IFNβ-1a, and IFNβ-1b 

are approved to treat relapsing forms of multiple-sclerosis 280. While the efficacy of IFN-I 

as pre-exposure prophylaxis and as a treatment has also been evaluated against multiple 

respiratory viral pathogens including common-cold causing rhinoviruses, influenza, 

SARS-CoV-1, MERS-CoV, and now SARS-CoV-2, IFN-I has never received FDA-

approval for use in viral respiratory infections 281. 

IFN-I has consistently been shown to have an antiviral effect against SARS-CoV-

1 and MERS-CoV in vitro 282-294. Additionally, SARS-CoV-1 cynomolgus macaques 

treated with prophylactic pegylated IFN-α and MERS-CoV-infected common marmosets 

treated with interferon-β1b post-infection were found to have lower viral loads and less 

lung pathology than untreated controls 295, 296. However, the therapeutic efficacy of IFN-I 

in SARS-CoV-1 and MERS-CoV patients has been largely inconclusive. During the 

SARS-CoV-1 outbreak, multiple clinical studies were performed in which patients 

received IFN-α with corticosteroids and/or ribavirin 297, 298. However, these studies either 
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entirely lacked a control group, were not randomized, or had a high risk of bias, and thus 

the efficacy of these treatments were determined to be inconclusive in systematic reviews 

conducted by multiple, independent groups 299, 300. Similarly, systematic reviews of case 

reports and retrospective observational studies in which IFN-I was administered with or 

without antivirals to MERS-CoV patients have reported that the efficacy of IFN treatment 

for MERS is inconclusive 301, 302. However, in a more recent randomized, double-blind, 

placebo-controlled trial conducted in MERS-CoV patients, administration of IFN-I in 

combination with antivirals has shown promise. The trial, called MIRACLE (MERS-CoV 

Infection Treated with a Combination of Lopinavir–Ritonavir and Interferon Beta-1b), was 

conducted in Saudi Arabia between 2016 and 2020. In the MIRACLE trial, a 14-day 

course of recombinant interferon beta-1b administered subcutaneously in combination 

with oral lopinavir/ritonavir was shown to reduce 90-day mortality of patients hospitalized 

with MERS from 44% in the placebo group to 28% in the interferon-treated group, with 

the greatest effect being observed in patients who initiated treatment within 7 days of 

symptom onset 303. 

Multiple clinical trials have evaluated IFN-I as a candidate COVID-19 therapeutic 

and, as with both SARS-CoV-1 and MERS-CoV, have yielded varying results. Early on in 

the pandemic, IFNβ-1a alone and IFNβ-1a administered in combination with 

lopinavir/ritonavir were evaluated along with remdesivir, hydroxychloroquine, and 

lopinavir/ritonavir as therapeutics for hospitalized COVID patients in the global WHO 

Solidarity Trial. Unfortunately, IFNβ-1a with and without lopinavir/ritonavir as well as all of 

the other tested antivirals were shown to have little to no effect on the overall patient 

mortality, ventilation requirements, and duration of hospital stay 256. Similarly, in the 
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Phase 3 DisCoVeRy trial, an add-on to the WHO Solidarity Trial, interferon IFN-β-1a 

administered in combination with lopinavir/ritonavir did not improve the clinical status of 

or accelerate viral clearance in hospitalized COVID-19 patients on oxygen and/or 

ventilatory support 304. Furthermore, in the in the Phase 3 Adaptive COVID-19 Treatment 

Trial (ACTT-3), the combination of IFNβ-1a and remdesivir in hospitalized COVID-19 

patients was not only shown to provide no clinical benefit, but resulted in worse outcomes 

and more adverse events in patients who required high-flow oxygen or non-invasive 

ventilation at baseline when compared to treatment with placebo plus remdesivir 305. 

While no beneficial effects were observed with IFN-β-1a treatment in hospitalized 

patients in the aforementioned clinical trials, the combination of IFN-β-1b, 

lopinavir/ritonavir, and ribavirin in hospitalized COVID-19 patients was shown to reduce 

times to viral clearance, resolution of symptoms, and hospital stay compared to patients 

treated with lopinavir/ritonavir alone in a Phase 2 clinical trial in Hong Kong 306.  

Additionally, it was shown that patients hospitalized with severe COVID-19 that received 

subcutaneous interferon beta-1a in combination with hydroxychloroquine plus 

lopinavir/ritonavir or atazanavir/ritonavir had lower 28-day mortality rates when compared 

to patients receiving hydroxychloroquine plus lopinavir/ritonavir or atazanavir/ritonavir 

without interferon in an open-label, randomized study in Iran 307, 308. IFN-I was also shown 

to have some promise as a therapeutic in individuals with moderate COVID-19, with a 

phase 3 randomized open label study in India showing that COVID-19 outpatients that 

received pegylated IFN-α2b and standard of care (SOC) experienced a faster time to viral 

clearance than outpatients that received SOC alone 309. 



   

 33 

Several clinical studies have also evaluated IFN-λ as a candidate COVID-19 

therapeutic. Although IFN-λ was shown to inhibit SARS-CoV-2 replication in primary 

human airway epithelial cell culture and in mice 310, 311, two initial Phase 2 clinicals trials 

evaluating early administration of IFN-λ in COVID-19 outpatients showed no clinical 

benefits 312, 313. These clinical trials were run concurrently in late spring to mid-summer of 

2020, with one being conducted in Toronto and enrolling a total of 60 patients and the 

other being conducted within the Stanford Health Care system and enrolling 120 patients. 

In both studies, COVID-19 outpatients received a single subcutaneous 180μg dose of 

Eiger Biopharmaceutical’s Pegylated IFN Lambda-1a or a placebo, with the primary 

objective of evaluating if Pegylated IFN Lambda-1a had an effect on time to SARS-CoV-

2 viral clearance. Enrollment criteria differed between the two trials, with patients in the 

Toronto study being eligible if they were within seven days of COVID-19 symptom onset 

or, if asymptomatic, following their first SARS-CoV-2 positive nasopharyngeal swab, and 

patients in the Stanford study being eligible if they were within 72 hours of a SARS-CoV-

2 positive oropharyngeal swab. In spite of these differences in enrollment criteria, the time 

from symptom onset to randomization was similar in both trials, with a mean time of 4.5 

days in the Toronto study and a median of 5 days in the Stanford study. Interestingly, 

although SARS-CoV-2 viral clearance was accelerated in peginterferon lambda patients 

as compared to the placebo patients in the Toronto study, no differences in duration of 

viral shedding were observed between treatment groups in the Stanford study. Given that 

SARS-CoV-2 viral clearance was found to be most pronounced in the Toronto patients 

with high viral loads and patients in the Stanford trial had substantially lower viral loads 

than the Toronto patients (median 4.4 log copies per mL vs. 6.71 log copies per mL), the 
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authors hypothesized that the difference in viral loads could possibly explain this 

discrepancy in outcomes between the two trials. Of note, the Toronto trial measured 

SARS-CoV-2 viral loads in nasopharyngeal swabs. Conversely, the Stanford trial used 

oropharyngeal swabs for longitudinal SARS-CoV-2 viral loads citing increased patient 

tolerability. Previous studies comparing paired nasopharyngeal and oropharyngeal swabs 

in COVID-19 inpatients have shown higher viral loads, detection rates, and sensitivities 

of nasopharyngeal vs. oropharyngeal swabs 314. Therefore, this difference in sampling 

may also help to explain the difference in primary outcomes between the two trials. 

Regardless of the effects or lack of effects on viral clearance, no differences in either the 

frequency or the severity of symptoms was observed between treatment groups in both 

the Toronto and Stanford trials 312, 313.  

However, the recent results of the TOGETHER trial have shown great promise for 

the use of early IFN-λ as a therapeutic for COVID-19. Like the Toronto and Stanford trials, 

the TOGETHER trial evaluated the effects of administering a single subcutaneous 180μg 

dose of Eiger Biopharmaceutical’s pegylated interferon lambda vs. a placebo in adult 

COVID-19 outpatients. However, the TOGETHER trial only enrolled COVID-19 

outpatients at high risk of developing severe COVID-19, with the primary objective of 

evaluating if pegylated interferon lambda reduced hospitalization and emergency room 

visits. The TOGETHER trial enrolled a total of 1,951 patients in Brazil and Canada that 

received treatment within 7 days of COVID-19 symptom onset. Of note, the vast majority 

of enrolled participants in this trial were vaccinated, with 83% of patients having received 

at least one dose of a COVID-19 vaccine. Strikingly, a 51% decrease in COVID-19-related 

hospitalizations and emergency department visits was observed in the interferon lambda 
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group (2.7%) compared to the placebo group (5.6%) in the TOGETHER trial. 

Furthermore, when only considering patients who received interferon lambda or placebo 

treatment within 3 days of symptom onset, there was a 65% reduction in COVID-19-

related hospitalizations and an 81% reduction in COVID-19 related deaths with interferon 

lambda treatment. During the course of the clinical trial (June of 2021 to February of 

2022), the dominant global SARS-CoV-2 VOC changed multiple times. This allowed for 

the assessment of IFN lambda treatment efficacy with multiple SARS-CoV-2 strains. For 

each VOC, treatment with pegylated IFN lambda reduced the relative risk for 

hospitalization relative to placebo treatment, with Omicron having the greatest effect with 

a relative risk of 0.17, followed by Delta with a relative risk of 0.54, and Alpha/Gamma 

having a relative risk of 0.74 315. 

 

N. Summary 

Although the COVID-19 Public Health Emergency was declared to have ended on 

May 11, 2023, the COVID-19 pandemic continues to result in significant morbidity and 

mortality316. Current COVID-19 vaccines are effective at protecting from severe disease. 

However, individuals with mild disease are still at risk of developing severe COVID-19. 

Additionally, the emergence of VOC that are resistant to vaccine-induced immunity 

remains a significant global concern.  Therefore, effective therapeutics spanning the full 

spectrum of COVID-19 severity are necessary. Although significant progress has been 

made in characterizing the pathogenesis of SARS-CoV-2 since its emergence, further 

research is needed to develop targeted, immunomodulatory COVID-19 therapeutics. 
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Abstract: 

The immunopathological mechanisms driving the development of severe COVID-19  

remain poorly defined. Here, we utilize a rhesus macaque model of acute SARS-CoV-2 

infection to delineate perturbations in the innate immune system. SARS-CoV-2 initiates a 

rapid infiltration of plasmacytoid dendritic cells into the lower airway, commensurate with 

IFNA production, natural killer cell activation, and a significant increase of blood CD14-

CD16+ monocytes. To dissect the contribution of lung myeloid subsets to airway 

inflammation, we generate a longitudinal scRNA-Seq dataset of airway cells, and map 

these subsets to corresponding populations in the human lung. SARS-CoV-2 infection 

elicits a rapid recruitment of two macrophage subsets: CD163+MRC1- , and TREM2+ 

populations that are the predominant source of inflammatory cytokines. Treatment with 

baricitinib (Olumiant®), a novel JAK1/2 inhibitor is effective in eliminating the influx of  

non-alveolar macrophages, with a reduction of inflammatory cytokines. This study 

delineates the major lung macrophage subsets driving airway inflammation during SARS-

CoV-2 infection. 
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Main Text: 

INTRODUCTION 

 

The COVID-19 pandemic began with a series of reports of localized outbreaks of 

pneumonia caused by a novel coronavirus, SARS-CoV-2, in Wuhan, China in December 

20194, 19. As of early 2023, there have been over 672 million documented infections, and 

nearly 7 million fatalities attributed to sequelae of COVID-19. The rapid development and 

availability of effective vaccines317-319 against SARS-CoV-2 infection has provided much 

needed optimism that infection rates will decline and that the containment of the virus at 

the population level is possible. Despite these landmark achievements, continued 

research efforts are essential to safeguard against potential breakthrough variants, to 

develop therapies for those afflicted while the vaccine rollout continues, and to prevent or 

minimize the impact of future viral outbreaks. In this light, basic research into the innate 

and adaptive immune responses to SARS-CoV-2 continues to be critical for informing 

vaccine and therapeutic approaches directed at ending the COVID-19 pandemic or at 

decreasing mortality. 

 

Since the emergence of the COVID-19 pandemic, research into the virology, immune 

responses and pathogenesis of SARS-CoV-2 infection has amassed at an 

unprecedented rate, and numerous hypotheses have arisen to explain the underlying 

mechanisms of severe COVID-19. Of these, the concepts that have accumulated the 

most supporting evidence are: (i) evasion or impairment of early Type I interferon (IFN) 

responses320, (ii) vascular complications arising from hypercoagulability syndromes321, 



   

 40 

and (iii) perturbations of the granulocyte and myeloid compartments in the lower airway 

and blood manifesting in inflammatory cytokine production100, 322. Immunologically, 

severe disease in COVID-19 patients has been associated with a widespread increase in 

levels of inflammatory mediators (e.g. CXCL10, IL-6, and TNF�) in plasma and 

bronchoalveolar lavage (BAL) fluid in what is commonly referred to as a “cytokine 

storm”323, and an expansion of macrophages, neutrophils and lymphocytes in the lower 

airway100. Despite this impressive accruement of data, the precise early immunological 

events and immune cell infiltration that drive inflammation in the lower airway remain 

uncharacterized. 

 

Non-human primate (NHP) models of SARS-CoV-2 infection (primarily macaque species 

and African green monkeys (AGMs)) have proven to be critical tools, primarily due to the 

ability to examine early events after infection longitudinally and in tissues not available in 

most human studies324. NHPs support high levels of viral replication in the upper and 

lower airway147, 148, 172, share tissue distribution of ACE2 and TMPRSS2 with humans72, 

and have been invaluable pre-clinical models of vaccines159, 160, 325 and therapeutics173, 

326. Additionally, mild to moderate COVID-19 has been shown to be recapitulated in 

SARS-CoV-2-infected NHPs324 that typically resolve by 10-15 days post infection (dpi)173, 

324, 327. Mechanistic studies of SARS-CoV-2 infection in NHPs have utilized a variety of 

high-throughput techniques and have reported (i) Type I IFN responses are robustly 

induced in blood and the lower airway very early after infection173, 174, (ii) elevated pro-

inflammatory cytokines consistent with the “cytokine storm” seen in humans are 

detectable in plasma and BAL328, (iii) vascular pathology and gene expression consistent 
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with hypercoagulability are evident in the lower airways174, and (iv) increased production 

of inflammatory cytokines by myeloid origin cells166, 173.  

 

In the current study, we used SARS-CoV-2 infected rhesus macaques (RMs) to 

investigate the early inflammatory events occurring in the blood and lower airway using 

high dimensional flow cytometry, multi-analyte cytokine detection, and bulk and single-

cell RNA-Seq (scRNA-Seq). To dissect the role of discrete immune subsets within the 

myeloid fraction in SARS-CoV-2-driven inflammation, we used two different strategies, 

employing scRNA-Seq and bulk-RNA-Seq reference datasets to classify the 

macrophage/monocyte populations and to identify analogous populations in human 

airway datasets. With this approach, we identified the main subsets of pro-inflammatory 

macrophages that expand after SARS-CoV-2 infection and are the predominant source 

of inflammatory cytokines in the airway. We also observed an early induction of 

plasmacytoid dendritic cells (pDCs) in blood and the lower airway that coincided with the 

peak of the IFN signaling. Finally, we described that treatment of SARS-CoV-2 infected 

RMs with baricitinib, a JAK1/2 inhibitor recently demonstrated to reduce hospitalization 

time and mortality for severe COVID-19 patients245, suppressed airway inflammation by 

abrogating the infiltration of pro-inflammatory macrophages to the alveolar space. 

Collectively, this study defines the early kinetics of pDC recruitment and Type I IFN 

responses, and identifies discrete subsets of infiltrating macrophages as the predominant 

source of pro-inflammatory cytokine production in SARS-CoV-2 infection.  

 

RESULTS 
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Study Overview 

An overview of the study design is shown in Fig. 2.1a. We analyzed three separate 

cohorts of macaques: Cohort 1, Baricitinib-treated and Cohort 2. For Cohort 1 and 

Baricitinib-treated, a total of eight RMs (mean age 14 years old; range 11-17 years old) 

were inoculated intranasally and intratracheally with 1.1 x 106 plaque-forming units (PFU) 

of SARS-CoV-2 (2019-nCoV/USA-WA1/2020).   At 2dpi, four of the eight animals started 

receiving baricitinib173. For this study, pre-infection baseline and hyperacute time points 

(1-2dpi) include n = 8 RMs, all untreated, and the remaining longitudinal time-points 

assessed to determine the pathogenesis of SARS-CoV-2 infection are comprised of n = 

4 of the RMs that remained untreated. Inoculation with SARS-CoV-2 led to reproducibly 

high viral titers detectable in the upper and lower airways by genomic and sub-genomic 

qPCR assays (Fig. 2.1b). The peak of viremia in the nasal passage, throat and BAL was 

at 2-4dpi (Fig. 2.1b).  To increase the power of our scRNA-Seq and flow cytometry 

experiments, we analyzed an additional six macaques infected with the same dose and 

strain  of SARS-CoV-2 (2019-nCoV/USA-WA1/2020) (mean age 10.5 years old; range 6-

19.5 years old), referred to as Cohort 2. Animals from Cohort 2 served as SARS-CoV-2-

infected, untreated controls in part of a larger study testing the impact of interferon 

blockade329. 

 



 

SARS-CoV-2 induces a robust, but transient, expansion of pDCs during hyperacute 

infection 

To characterize the innate immune response following SARS-CoV-2 infection, we 

analyzed changes in innate populations using multi-parametric flow cytometry in blood 

and BAL samples in the first 2dpi, or “hyperacute” phase of infection (Fig. 2.1c-e, Fig. 

2.S1), and over the full course of infection (Fig. 2.S2). In blood, we did not observe a 

significant increase in the proportion of classical monocytes (CD14+CD16-) at 2dpi (Fig. 

2.1c) nor at extended time-points (Fig. 2.S2a,d).  Similar to reports in humans322, we 

observed a rapid, but transient, increase in blood CD14-CD16+ and CD14+CD16+ 

monocytes (Fig. 2.1c, Fig. 2.S2a,d). Using these conventional markers for blood 

monocyte subsets, we did not observe any significant changes in CD14-CD16+, 

CD14+CD16+, nor CD14-CD16+ within the BAL (Fig. 2.1c, Fig. 2.S2a).  

 

We observed a significantly elevated level of pDCs in blood at 2dpi and similarly, a trend 

of elevated pDCs in BAL samples (Fig. 2.1d, Fig. 2.S2c,f). This expansion was transient, 

as pDC numbers returned to baseline by 4dpi. While the overall frequencies of natural 

killer cells (NK) were not changed in blood or BAL (Fig. 2.S2b,e), the fraction and absolute 

number of Granzyme B+ NK cells increased significantly at 2dpi in blood, from 4% to 25% 

(Fig. 2.1e) and remained elevated throughout the course of infection (Fig. 2.S2b,e). 

Similarly, increases in NK cell activation were also observed in the BAL, rising from 12% 

to 33% at 2dpi (Fig. 2.1e), and persisting at this level until the study termination at 

10/11dpi (Fig. 2.S2b,e). Collectively, these data indicate that during the hyperacute 
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phase of SARS-CoV-2 infection, there is a significant mobilization of innate immune cells 

capable of initiating and orchestrating effector responses of the Type I IFN system. 

 

SARS-CoV-2 infection drives robust, but transient, upregulation of IFN responses 

in blood and lower airway 

To understand the extent of immunological perturbations induced by SARS-CoV-2 

infection, we performed extensive gene expression profiling of PBMC and BAL samples. 

During the hyperacute phase, the BAL had widespread induction of pathways associated 

with innate immunity and inflammation (Fig. 2.2a). Notably, we observed a rapid and 

robust induction of interferon-stimulated genes (ISGs) in the PBMC and BAL 

compartments starting at 1 or 2dpi (Fig. 2.2b, Fig. 2.S3a). The ISG response, although 

widespread, had largely returned to baseline by 10/11dpi (Fig. 2.2b, Fig. 2.S3a). We also 

detected a trend of elevated IFN��protein in 4/6 and 5/8 animals in BAL and plasma, 

respectively (Fig. 2.2c,d) and a significant increase in RNA-Seq read counts mapping to 

IFNA genes at 2dpi in BAL (Fig. 2.2e), which coincided with the expansion of pDCs in the 

airway and blood (Fig. 2.1d). A significant enrichment of genes representing NK cell 

cytotoxicity (Fig. 2.2a) was observed at 2dpi in BAL, consistent with our observation of 

elevated Granzyme B+ NK cells by flow cytometry (Fig. 2.1e). Taken together, these data 

demonstrate the presence of primary cells able to produce Type I IFNs (i.e., pDCs), 

coincident with detectable IFNA transcripts and protein, and with downstream IFN-

induced effector functions (ISGs, NK cell activation) following SAR-CoV-2 infection, and 

that these responses were transient, having largely subsided by 10/11dpi. 
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SARS-CoV-2 infection drives a shift in airway macrophage populations 

We observed that SARS-CoV-2 infection induced significant enrichment of several 

inflammatory cytokine signaling pathways, namely IFNA, IL4, IL6, IL10, IL12, IL23 and 

TNF, and the chemokine pathways CXCR4 and CXCR3, in both PBMCs and BAL of RMs, 

with higher magnitude in the BAL (Fig. 2.2a, Supplementary Datas 1-3). For many of 

these pathways, we were able to quantify significant increases in the upstream regulator 

at either the protein, or mRNA level, or both: IL6 protein levels were significantly increased 

in the BAL fluid (BALF) (Fig. 2.2c), as were RNA transcripts in BAL (Fig. 2.S3b). Similarly, 

the induction of CXCR3 pathways signaling was consistent with detection of increased 

IP10/CXCL10 protein in BALF and RNA at 2dpi in BAL (Fig. 2.2c, Fig. 2.S3b). The 

appearance of inflammatory pathways in the blood and airway have been reported in a 

multitude of human studies (reviewed in330). However, we noted that SARS-CoV-2 

infection also drove early expression of several immunoregulatory/immunosuppressive 

pathways in the BAL, namely: PD1 and CTLA4 signaling, and negative regulators of MAP 

kinase and DDX58/RIG-I signaling (Fig. 2.2a). Previously, we reported that the myeloid 

fraction in BAL was primarily responsible for the production of pro-inflammatory 

mediators, however the specific immunophenotypes were not defined. To further 

investigate the presence of different macrophage subsets within the lower airway after 

SARS-CoV-2 infection, we performed GSEA on bulk BAL data using AM gene signature 

(obtained from SingleR331) specific for RM pulmonary macrophages. We observed that 

genes specific for alveolar macrophages (AMs) were significantly enriched at baseline (-

5dpi) relative to 4dpi, indicating a downregulation of this gene set after SARS-CoV-2 

infection (Fig. 2.2f). Collectively, these bulk RNA-Seq data indicate a rapid and significant 
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shift in the balance of macrophage populations in the lower airway following SARS-CoV-

2 infection. 

 

SARS-CoV-2 infection induces an influx of two subsets of infiltrating macrophages 

into the alveolar space 

In our prior work in RMs, we demonstrated that cells of myeloid origin were the 

predominant subset responsible for production of inflammatory cytokines in the lower 

airway following SARS-CoV-2 infection173. While our prior scRNA-Seq analyses 

determined the majority of cells in the BAL after infection to be of monocyte/macrophage 

origin, with relatively few neutrophils or granulocytes, the precise immunophenotypes of 

the myeloid cells driving inflammation in the lower airway have not been precisely 

delineated. 

 

Cell classification based on cell-surface marker genes is typically problematic in scRNA-

Seq data due to gene dropouts inherent to the technology. Accurate classification is 

further complicated in the rhesus model system, in which genomic references have 

incomplete annotation, and markers from other model species may not phenocopy. 

Several significant advances have been made recently elucidating the resident tissue 

macrophage subsets in the lung and their function during viral infection and 

inflammation332-335. However, analysis of scRNA-Seq data from RM lung suspensions and 

BAL during steady state condition indicated that several key markers used to differentiate 

macrophages in the murine lung (e.g. Lyve1) were not expressed at levels sufficient to 

distinguish populations in the rhesus pulmonary myeloid populations (Fig. 2.S7). 
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Therefore, we used two overlapping alternative strategies to accurately classify tissue 

macrophages and monocyte-derived/infiltrating macrophages in the RM airway after 

SARS-CoV-2 infection in our scRNA-Seq data. The first strategy was based on using 

existing lung scRNA-Seq data from uninfected RMs as a reference to map and annotate 

the BAL cells. We processed lung 10X data from three uninfected RMs (NCBI GEO: 

GSE149758)336 through the Seurat pipeline337 and reproduced the four reported 

macrophage/monocyte subsets: CD163+MRC1+, resembling alveolar macrophages; 

CD163+MRC1+TREM2+ macrophages, similar to infiltrating monocytes; CD163+MRC1-

, similar to interstitial macrophages; and CD16+ non-classical monocytes (Fig. 2.S4a-d). 

We used Seurat to map BAL macrophages/monocytes from SARS-CoV-2 infected RMs 

and transfer annotations from the lung reference. The second strategy involved using bulk 

RNA-Seq on sorted AM and IM from the lungs of three uninfected RMs338, according to 

the phenotype defined by Cai et al339, based on expression of CD206/MRC1 and CD163, 

to annotate cells using SingleR331  Fig. 2.S4e,f). 2069 genes were found to be 

differentially expressed between IMs and AMs (FDR< 0.05, fold-change>2) (Fig. 2.S4e). 

Of note, CX3CR1 was upregulated in the IMs, consistent with both murine and human 

definitions of this subset (Fig. 2.S4f). APOBEC3A, an RNA-editing cytidine deaminase, 

was also upregulated in IMs along with PTGS2, a pro-inflammatory COX-2 

cyclooxygenase enzyme, TIMP1, which enables migration of cells via the breakdown of 

connective tissue, VCAN, an immunosuppressive regulator, and PDE4B, which regulates 

expression of TNF��(Fig. 2.S4f). We annotated the lung macrophage/monocyte subsets 

using the bulk sorted AM and IM datasets and found that almost all of CD163+MRC1+ 

cluster and some CD163+MRC1+TREM2+ cells were annotated as AM and the 
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remaining as IM (Fig. 2.S4g). Thus, benchmarking our lung scRNA-Seq based reference 

against rudimentary bulk transcriptomic signatures demonstrated their accuracy in 

resolving the AM phenotype from non-AM in steady state conditions.  

 

We next analyzed changes in the myeloid populations within the BAL of RMs after SARS-

CoV-2 infection by applying these signatures to two independent scRNA-Seq datasets 

from rhesus macaques infected intranasally and intratracheally with 1.1x106 PFU of the 

USA-WA1/2020 strain of SARS-CoV-2: Cohort 1, comprised of a dataset of n = 3 

(baseline and 4 dpi)173 and Cohort 2, comprised of n = 5 (baseline) and n = 6 (4 dpi)329. 

Using the lung/scRNA-Seq reference, we found that most of the BAL 

macrophages/monocytes belonged to the AM-like CD163+MRC1+ macrophage subset 

at -5dpi along with some cells from the CD163+MRC1+TREM2+ macrophage subset 

(Fig. 2.3a,b and Fig. 2.S5a). At 4dpi, there was an influx of both CD163+MRC1+TREM2+ 

macrophages and the IM-like CD163+MRC1- macrophages with few cells annotated as 

CD16+ non-classical monocytes. The expression of gene markers such as MARCO, 

FABP4 and CHIT1 further supported the cell subset annotations (Fig. 2.3c). We also 

observed a similar increase in APOBEC3A and decreases in the alveolar macrophage-

associated genes MARCO and CHIT1 expression in  BAL samples analyzed by bulk 

RNA-Seq,  indicating a loss of CD163+MRC1+ cells (Fig. 2.3d).  By analyzing the sc-

RNA-Seq datasets, the percentage total of CD163+MRC1+ macrophages at baseline 

compared to 4 d.p.i. reduced  from 93.3% to 55%, and 89.3% to 63.1% of all 

macrophages/monocytes in BAL in Cohorts 1 and 2, respectively (Fig. 2.3e, f). Estimates 

of cellular frequencies in pooled scRNA-Seq datasets can be driven by unbalanced cell 
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counts from individual samples. To account for this potential bias, we examined the 

changes in myeloid populations by individual animals. We observed that in Cohort 1, the  

CD163+MRC+ cells decreased from mean 90.2% (sd = 5.2%) to  mean 65.4% (sd = 

32%), p = ns, and in Cohort 2, they decreased significantly from mean 92% (sd = 5.1%) 

to mean 65.7% (sd = 16.4%) p = 0.0087 (Fig. 2.3g, h). Conversely, we saw an overall 

increase in the percentage of CD163+MRC1+TREM2+ macrophages from 6.5% to 36.8% 

(Cohort 1) and 10.3% to 19.8% (Cohort 2) (Fig. 2.3e, f). At the individual level, we 

observed that levels of CD163+MRC1+TREM2+ cells increased from mean 9.7% (sd = 

5.3%) to mean 28.6% (sd = 25.2%) in Cohort 1 (p = ns), and  mean 7.7% (sd = 4.9%) to 

mean 20.0% (sd = 10.4%) (p = 0.03) (Fig. 2.3g, h). Additionally, we observed increases 

in the IM-like CD163+MRC1- macrophages: in the pooled scRNA-Seq data  from 0.2% to 

8% in Cohort 1 and 0.4% to 17% in Cohort 2 (Fig. 2.3e, f). Considering individual animals, 

the CD163+MRC1- cells increased from mean 0.15% (sd = 0.19%) to mean 5.9% (sd = 

6.9%) in Cohort 1 and significantly from mean 0.28% (sd = 0.18%) to mean 14.2% (sd = 

9.1%) (p = 0.004) (Fig. 2.3g, h). Thus, SARS-CoV-2 infection resulted in an influx of 

monocyte-derived and IM-like macrophages in BAL at 4dpi.  

To further validate our cell classification and support the observation that it is the 

infiltrating cells that increase in numbers and predominantly produce inflammatory 

mediators, we used the second strategy of using gene expression of bulk sorted AM and 

IM cells to classify the BAL macrophages/monocytes. Using this definition, we confirmed 

that there is an increase in the percentage of non-AM population with a corresponding 

decrease in the AM population (Fig. 2.S5b, d). The non-AM population was also found to 

show higher expression of pro-inflammatory cytokines (Fig. 2.S5e).  
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Differential expression analysis of 4dpi and -5dpi BAL macrophages/monocytes showed 

that CHIT1, MARCO and MRC1 were among the top-ranking genes exhibiting 

downregulation in the BAL, while genes such as ADAMDEC1340 and S100A8341 that are 

associated with monocyte-derived macrophages were among the most upregulated 

(Supplementary Data 4). These data demonstrate that our observation of an influx of 

infiltrating macrophages into the BAL at 4dpi was consistent across multiple definitions of 

this phenotype. 

  

Infiltrating macrophages produce the majority of lower airway inflammatory 

cytokines during acute SARS-CoV-2 infection 

Given our observation of the dynamics of pulmonary macrophages within the alveolar 

space during early SARS-CoV-2 infection, we characterized the transcriptional changes 

in each macrophage/monocyte population (Fig. 2.3), and also in conventional myeloid 

dendritic cells. Myeloid DCs were present at very low frequencies (< 2%), and not more 

than 70 total cells were detected to be harbouring mRNA from TNF, IL6 or  IL10 after 

infection. IL1B expression was slightly higher, but accounted for <2.5% of IL1B 

expressing cells in the BAL at 4 dpi (Supplementary Fig, 6a-e).   Several chemokines 

(CCL4L1, CCL3, CXCL3, CCL2), multiple ISGs, NFKB1A, S100A8, and GZMB were 

among the most upregulated genes at 4 dpi in BAL populations (Supplementary Data 

4). Elevated expression of multiple inflammatory genes, including IL6, TNF, IL10, and 

IL1B, were observed in the CD163+MRC1+TREM2 Mac and CD163+MRC1- subsets in 

both Cohort 1 and 2 (Fig. 2.3i-l, Fig. 2.S7) after infection. The infiltrating macrophages 
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were also observed to upregulate multiple chemokines, including those specific for 

recruiting neutrophils (CXCL3, CXCL8), macrophages (CCL2, CCL3, CCL5, CCL4L1), 

and activated T cells (CXCL10) as well as multiple ISGs ( Fig. 2.S7 & 8). When we 

examined CD163+ MRC1+ macrophages, many of the same inflammatory cytokines and 

gene sets seen in the infiltrating macrophages were elevated at 4dpi, albeit at much lower 

magnitude (Fig. 2.S7 & 8). Having observed a significantly higher average expression of 

inflammatory cytokines in infiltrating macrophages compared to CD163+MRC1+ 

macrophages, we compared the fractions of sequencing reads detected from each of the 

subsets to assess the overall contribution to inflammatory cytokine production (Fig. 2.3i). 

In Cohort 1, at 4 dpi, we observed that the CD163+MRC1+TREM2+ macrophages 

accounted for 55% of IL6, 57% of TNF, and 86% of IL10 expression while the 

CD163+MRC1- macrophages accounted for 20% of IL6, 21% of TNF, and 6% of IL10 

expression (Fig. 2.3i). In Cohort 2, we also observed that the infiltrating macrophages 

contributed more to the expression of most inflammatory cytokines than alveolar 

macrophages: the expression in CD163+MRC1+TREM2+ and CD163+MRC1- cells was 

39.2%  and 47% for IL10, 17.4% and 74.9%% for IL6, and  22.4% and 46.6% for TNF, 

respectively (Fig. 2.3j). To account for potential bias in cell counts in our pooled data, we 

also examined the contributions of cytokines to the BAL expression in individual animals 

(Fig. 2.3k, l). In Cohort 1, the overall trend of higher contribution to inflammatory 

expression in the infiltrating macrophage populations seen in the pooled data was only 

observed for IL10 and CCL4L1, largely due to inbalances in cell counts and low statistical 

power (Fig. 2.3k). However, in Cohort 2, we observed consistently elevated levels in the 

infiltrating CD163+MRC1+TREM2+ and CD163+MRC1-  macrophage populations (Fig. 
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2.3l). For IL10, the mean±sd expression in CD163+MRC1+ was 17.3±12.4%, compared 

to 40.4±12.1% in CD163+MRC1+TREM2+ cells (p = 0.03) and  42.3±21.2% for 

CD163+MRC1- (ns) (Fig. 2.3l). For IL6, the mean±sd expression in CD163+MRC1+ was 

9.4±12.2%, compared to 12.2±24.5% in CD163+MRC1+TREM2+ cells (ns) and  

78.4±28.8% for CD163+MRC1- (p = 0.065). Additionally, while our observation for IL6 

trended to significance, we found a wide variability in the percentages in CD163+MRC1- 

cells; to address this, we analyzed another set of data329  in which we obtained scRNA-

Seq expression of BAL macrophage after 2 dpi of SARS-CoV-2 infection – these data 

also trended to much higher expression of IL6 in the CD163+MRC1- cells (67.1±32.4%) 

compared to CD163+MRC1+ macrophages (27.7±29.5%)(Fig. 2.S9). For CCL4L1, 

CD163+MRC1+ contributed 9.6±6.3% of expression, in comparison to 23.7±13.5% in 

CD163+MRC1+TREM2+ cells (p = 0.03) and 66.7±18.2% in CD163+MRC1-  cells(p = 

0.03). CXCL10 was observed at  19.2±16.7% in CD163+MRC1+  compared to 15.3±9.3% 

in the CD163+MRC1+TREM2+ and 65.4±15.2% 71.3%] in the CD163+MRC1- 

populations.  Overall, these data indicate that the infiltrating macrophage populations are 

responsible for the majority of lower airway inflammatory cytokine production during acute 

SARS-CoV-2 infection. 

 

To validate the increase in infiltrating myeloid populations, we quantitated by flow 

cytometry the frequency of CCR2+ myeloid populations in peripheral blood and BAL from 

an additional six SARS-CoV-2-infected rhesus macaques (Fig. 2.S10). CCR2 has been 

demonstrated to regulate monocyte infiltration into the lung parenchyma of SARS-CoV-2 

infected mice342 and its expression is upregulated in the BAL of infiltrating macrophages 
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in NHPs infected with influenza virus338. Consistent with our observation of elevated 

infiltrating myeloid cells by scRNA-Seq, we found that there was a concomitant increase 

in the frequency of CCR2+ CD14-CD16+ and CD14+CD16+ monocytes at 2 dpi. These 

results further support the infiltration of inflammatory monocytes in BAL after SARS-CoV-

2 infection. 

 

Identification of pro-inflammatory subsets in human SARS-CoV-2 infection 

corresponding to NHP immunophenotypes 

To translate our findings in the NHP model to human SARS-CoV-2 infection, we used a 

similar bioinformatic approach to that employed to define rhesus myeloid subsets  

(Supplementary Methods). We used macrophages/monocytes from publically available 

scRNA-Seq dataset of lungs from six healthy human donors (GEO: GSE135893343) and 

classified these based on a recent classification into FABP4hi, SPP1hi, FCN1hi and 

proliferating macrophages344 (Fig. 2.4a). When the canonical marker genes were 

compared between the healthy lung macrophages/monocytes of human and rhesus 

macaque, we found that there were comparable populations between the two (Fig. 2.4a, 

4b and 4c). Namely the CD163+MRC1+ rhesus subset was highly similar to the FABP4hi 

human subset; the CD163+MRC1+TREM2+ rhesus subset was congruent with the 

SPP1hi human subset; and the CD163+MRC1- macrophages and CD16+ monocytes 

rhesus were transcriptionally similar to the FCN1hi human subset. Next, we combined 

data from all macrophage/monocyte cells from the six healthy human samples with the 

three healthy rhesus samples and applied reference based integration in Seurat using the 

human samples as reference (Fig. 2.S11a,b). We looked at the distribution of different 
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human and rhesus cell types in each cluster and found that the earlier observations 

regarding the similarity of subsets based on canonical markers was further supported by 

the global gene expression of these cells (Fig. 2.S11c). Finally, to test the robustness of 

our cellular classifications to identify macrophage subsets between species accurately, 

we generated gene signatures for each subset/species combination and tested for 

enrichment in the opposite species; for all comparisons, a signature scored highest with 

its corresponding opposite subset (Fig. 2.S11d). 

Using the healthy human dataset as reference, we classified macrophages/monocytes 

from the myeloid cluster (Fig. 2.S11e,f) in a publically available scRNA-Seq dataset of 

human BAL samples from healthy donors or subjects with moderate or severe COVID-19 

infection100 (Fig. 2.4d and Fig. 2.S11g). As reported in the original study100, we found 

that there was a significant increase in the SPP1hi and FCN1hi subsets with COVID-19 

infection while the FABP4hi population that is largely representative of the resident 

alveolar macrophages was found to be significantly reduced in both moderate and severe 

COVID-19 infection (Fig. 2.4d and 4e). In addition, we also looked at the contribution of 

these different populations towards inflammation and found that the non-resident SPP1hi 

and FCN1hi subsets were largely responsible for the expression of pro-inflammatory 

mediators in patients with severe COVID-19 (Fig. 2.4f, Fig. 2.S12). Respectively, 

(FABP4hi, SPP1hi, and FCN1hi) the contribution of each population to overall expression 

was: IL10 (1.3%, 56.7%, 42%), IL1B (6.6%, 37%, 56%), IL6 (2.4%, 40.8%, 56.7%), TNF 

(1.6%, 44.1%, 54.1%), CXCL10 (1.8%, 36.5%, 61.7%) and CXCL8 2.6%, 48.1%, 49.1%). 

(Fig. 2.4f) Of note, ISG expression (IFI27,ISG15, ISG20, MX2) was significantly 

upregulated in the SPP1hi, and FCN1hi populations relative to  the FABP4hi in severe 
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disease but not in moderate cases. Lastly, when we examined the contribution of cytokine 

expression in by individual patients in these dataset, we noted that for severe COVID-19, 

we  observed that the infiltrating populations had significantly higher expression of IL10 

(mean±sd  SPP1hi 50.9±8.7%, p =  0.03; FCN1hi  46.9±8.3%, p =  0.03), IL1B (mean±sd 

SPP1hi 31.7±14.9% , p =  0.03; FCN1hi 63.3±20.1%, p =  0.03), TNF (mean±sd SPP1hi 

43.4±9.3% , p =  0.03; FCN1hi 53.7±13.7%, p =  0.03), CXCL10 (mean±sd SPP1hi 

27.3±9.5%, p =  0.03; FCN1hi 69.8±11.1%, p =  0.03), CXCL3 (mean±sd SPP1hi 

55.9±9.6% , p =  0.03; FCN1hi 37.6±13%, p =  0.06) and CXCL8 (mean±sd SPP1hi 

42.7±14% , p =  0.03; FCN1hi 53.4±17.4%, p =  0.03) compared to the FABP4hi 

population (mean±sd for IL10 2.2±2.8%, IL1B  4.7±8.2%, TNF 2.7±4.5%, CXCL10 

2.6±2.9%, CXCL3 6.4±9.5% and CXCL8 3.8±5.9%) (Fig. 2.4g). Collectively, these 

analyses demonstrate that the myeloid subsets defined transcriptionally in RMs have 

analogous populations in the human lung, and an overall concordance in their expansion 

and contribution to SARS-CoV-2 induced inflammation in the lower airway.  

 

Baricitinib treatment prevents the influx of inflammatory IM into the lower airway  

Baricitinib is a JAK1/2 inhibitor approved for the treatment of active rheumatoid arthritis 

that was recently approved by FDA for COVID-19 treatment in certain hospitalized 

adults345, and reported to reduce mortality when administered as monotherapy346 or in 

combination with remdesivir245. In our earlier study, using data from the Cohort 1 and 

baricitinib-treated animals  

(Fig. 2.1A), we found that baricitinib was able to suppress the expression of pro-

inflammatory cytokines in BAL of RMs infected with SARS-CoV-2173. Here, we extended 



   

 56 

this study to further characterize the impact of baricitinib on the myeloid populations in 

the airway from five RMs before infection (-5 dpi) and at 4 dpi, with three RMs that 

remained untreated and two that received baricitinib).  We found that two days of 

baricitinib administration virtually abrogated the influx of infiltrating macrophages into the 

alveolar space at 4 dpi, as we did not detect any increase in the CD163+MRC1- or 

CD163+MRC1+TREM2+ populations in baricitinib treated animals (Fig. 2.5a-d). This 

observation was consistent using classifications of macrophages either based on 

mapping to 10X lung reference or using bulk sorted AM/IM cells (Fig. 2.5a-d, Fig. 2.S5a-

d). In addition to preventing the influx of infiltrating macrophages, baricitinib treatment 

also resulted in significantly lower expression of inflammatory cytokines and chemokines, 

but the ISG expression remained comparable to untreated animals (Fig. 2.5e-g, Fig. 

2.S5e). In summary, these data further elucidate the mechanism of action by which 

baricitinib treatment abrogates airway inflammation in SARS-CoV-2 infection173, by 

demonstrating its ability to block infiltration of discrete pro-inflammatory macrophage 

populations into the alveolar compartment. Similar to our observations using flow 

cytometry, there was an increase in the abundance of pDC at 4 dpi in the BAL detected 

by scRNA-Seq data, however this increase was abrogated in baricitinib-treated animals 

(Fig. 2.5h,i).  

 

DISCUSSION 

The mechanisms by which SARS-CoV-2 infection establishes severe disease remain 

largely unknown, but remain a key priority for reducing the toll of the COVID-19 pandemic. 

As the appearance of symptoms range from 2-14 days after SARS-CoV-2 infection, 
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characterization of the early immunological events using clinical samples is challenging. 

Here, we utilized the RM model of SARS-CoV-2 infection and an integrated systems 

analysis to dissect the immune response during hyper-acute infection. Our findings were: 

(i) SARS-CoV-2 infection initiated a robust Type I IFN response in the blood and lower 

airway apparent at 1-2dpi; (ii) SARS-CoV-2 induced a rapid influx of two infiltrating 

macrophage populations, into the bronchoalveolar space, which produced the majority of 

inflammatory cytokine production; and (iii) the mechanism of action of baricitinib, a drug 

recently authorized by FDA for  use in the treatment of  COVID-19 for certain hospitalized 

adults345, is to abrogate infiltration of these inflammatory cells into the airway. Our data 

present, to date, the most comprehensive analysis of the immunopathological events 

occurring during hyperacute SARS-CoV-2 infection.   

 

Using our reference datasets of RM lung macrophages, we identified two myeloid cell 

subsets, both clearly distinct from alveolar macrophages, infiltrating the airway after 

SARS-CoV-2 infection, that were the main producers of lower airway inflammatory 

cytokines and chemokines. One population, defined as CD163+MRC1+TREM2+ cells, 

were highly similar to murine definitions of infiltrating CCR2+ monocytes. The second, 

CD163+MRC1-, largely resembled interstitial macrophages. Our data are consistent with 

a recent observation of a rapid (3dpi) increase of IMs in the BAL of RMs using flow 

cytometry327. Similarly, an accumulation of non-AMs (defined as CD16+CD206-HLA-

DR+/CD11b+), and reciprocal reduction of AMs, has been observed in the BAL and lungs 

of infected RMs and AGMs328. We found that these myeloid subsets, defined 

transcriptionally in NHPs, had analogous populations in the human lung. Lastly, our data 
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are consistent with our recent findings in the murine model, in which SARS-CoV-2 elicited 

recruitment of circulating monocytes to the lung parenchyma, but was significantly 

abrogated in CCR2-deficient mice342. The CD163+MRC1+ Mac/AM-like subset also 

contributed to the inflammatory milieu, producing IL6, TNF, and IL10, albeit in significantly 

lower quantities. 

 

It is important to note that our observations were during hyperacute infection, and that our 

animals did not develop severe disease, so although our data indicate that these 

infiltrating populations orchestrate early inflammation and may contribute to airway 

pathogenesis, we cannot formally make this link. However, this model is consistent with 

recent data by Ren et al.347, who observed a significant loss of MARCO expression in 

BAL-resident myeloid populations of patients with severe COVID-19 relative to those with 

moderate disease, similar to our observations, in which the appearance of infiltrating 

macrophages diluted the population of MARCO+ macrophages. Those observations, 

taken together with our data, suggest that the inflammatory macrophage phenotype we 

identify here may be preferentially retained in the lower airway of patients with severe 

COVID-19. Additionally, we demonstrated that in vivo treatment with the JAK1/2 inhibitor 

baricitinib, which has demonstrated efficacy in reducing severe disease, was able to 

virtually abrogate the recruitment of these inflammatory macrophages into the airway, 

providing an additional mechanistic link with the development of COVID-19-related 

pathogenesis. 
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In addition to inflammatory cytokines, we observed that the infiltrating macrophage 

subsets produced high levels of IL10, and were enriched in IL10 signaling pathways. Lung 

IM’s are considered to be a “professional IL10-producing cell” producing IL10 at both a 

steady state and in response to innate stimuli (LPS, unmethylated CpGs)348. The majority 

of data to date has demonstrated an immunoregulatory, protective role for IMs in murine 

models of asthma, lung fibrosis, and allergen induced inflammation333. However, while 

the pro-inflammatory potential of IMs has been relatively understudied, they have been 

demonstrated to be efficient at producing IL6 and TNF in response to TLR ligands349. 

Given our observations of high IL10 production in infiltrating macrophages, we cannot 

exclude a potential immunoregulatory role for this subset, and indeed, it presents an 

interesting hypothesis in which the balance of infiltrating IM vs TREM2+ macrophages 

into the bronchoalveolar space determines the pathogenic outcome of SARS-CoV-2 

infection.  Lastly, recent publications have reported that lung IMs may be comprised of 

two, or even three, functionally distinct populations, defined by an axis of expression of 

Lyve1, MHC, CD169, and CD11c332-335. We did not observe separate clustering amongst 

BAL IMs, nor differential expression amongst these markers, and further work is needed 

to understand the congruency of macaque macrophage subsets with those identified in 

the murine model.  

 

We observed a very rapid and robust induction of the Type I IFN pathway at 1-2dpi, 

characterized by elevated pDCs in the airway and blood, IFNA and IFNB transcripts and 

protein, upregulated ISGs, and increased granzyme B in NK cells. The Type I IFN 

response in SARS-CoV-2 infection has been intensely studied:  in vitro infection of airway 
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epithelial cells have consistently resulted in a muted ISG response350, and patients 

developing severe COVID-19 have been reported to have higher incidence of mutations 

in IFN response genes, or elevated levels of autoantibodies against IFN-response genes 

(reviewed in320,351-358). Our data, in which the IFN response peaked at 2dpi and had 

largely abated by 10/11dpi, provides well defined kinetics of the ISG response, and similar 

observations have been reported in other NHP studies174, 327. The rapid and short-lived 

nature of the IFN response underscores the difficulty in interpreting the IFN response in 

clinical samples. 

 

Our multiparametric analyses demonstrated an increase of pDCs at 2dpi that coincided 

with the peak of ISG production, IFNA/B detection, and NK cell activation, thus implicating 

pDCs as the primary cell orchestrating the IFN response in the lower airway. We had 

previously observed a reduction in peripheral blood pDCs frequencies and activity in 

human SARS-CoV-2 infection359, and other have reported signatures of pDCs apoptosis 

that predicted lower IFN-I responses360. Taken in the context of these clinical findings, 

our observation of pDC accumulation in the BAL indicates that they undergo rapid 

mobilization from the blood to the lower airway, and this suggests they likely drive early 

protective innate immune responses. However, pDCs may also contribute to pathological 

inflammation; and future interventional studies targeting the pDC/IFN axis in animal 

models will be necessary to test these hypotheses. 

 

In our prior study, we demonstrated the ability of baricitinib to block airway pro-

inflammatory cytokine production in SARS-CoV-2-infected RMs while preserving Type I 



   

 61 

IFN responses173. The efficacy of baricitinib to treat severe COVID-19 was recently tested 

in two Phase 3 clinical trials (ACTT-2 and COV-BARRIER) and recently received approval 

as monotherapy to treat COVID-19 in patients requiring supplemental oxygen or 

mechanical ventilation345. To date, nearly 1 M patients have received baricinitib to treat 

severe COVID-19 disease, underscoring the importance for understanding its mechanism 

of action. Here, we extended our original findings to demonstrate that baricitinib blocked 

the influx of inflammatory macrophages into the bronchoalveolar space. These data add 

to our mechanistic understanding of the action of baricitinib, and provide a potential 

explanation for the disparity of baricitinib’s impact on IFN vs IL6/TNF signaling when 

considering the timing of the drug administration. We administered baricitinib at 2 dpi, 

after the peak influx of pDCs, but before the likely appearance of the inflammatory 

macrophages at 3-4 dpi. The ongoing ISG response, and suppressed TNF/IL6 response, 

suggest that the primary mechanism by which baricitinib protects the airway is by blocking 

recruitment of inflammatory cells to the bronchoalveolar space. Of note, in the presence 

of baricitinib and concomitant elimination of infiltrating monocytes/macrophages, viral 

load in the BAL was unchanged compared to controls, suggesting that these populations 

exert minimal control of virus levels. However, as the rhesus model of SARS-CoV-2 tends 

to be consistent with mild COVID-19 in the majority of studies, it will be critical to examine 

the mechanism of baricitinib in a model of severe disease. In regards to guiding future 

clinical applications of baricitinib, our data suggest that timing is critical, and would favor 

earlier drug administration. Additionally, given the pervasiveness of SARS-CoV-2, and 

growing capacity for re-infection, future studies on the application of baricitinib for 

treatment second infections would be of benefit. 
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Our study had some limitations; first, while the RM/SARS-CoV-2 model has rapidly been 

adopted by several groups for pre-clinical testing of anti-COVID drugs and vaccines, no 

group has demonstrated overt, reproducible symptomatic disease324. Thus, linking early 

immunological events to the development of severe COVID-19 requires validation in 

human studies, such as the observations of reduced MARCO expression in the airway 

myeloid populations of severe COVID-19 patients noted above347.  Additionally, to 

estimate the overall contribution to inflammatory cytokine production in macrophages, we 

calculated the fraction of sequencing reads for a given mRNA transcript assigned to a 

subset, however we did not measure protein quantities on a single-cell level, and instead 

were limited to assessing overall levels in BALF. Prior studies have attempted to estimate 

the correlation of cytokine mRNA to secreted protein levels and have reported good 

agreement for TNF, IL6, CXCL10 and CXCL8, but poorer concordance for IL10 and 

IL1B361. Another drawback was the relatively low power of our study. While our 

observations at 0, 1, and 2 dpi were n = 8, we were limited to n = 4 for day 4-10 

observations. For our scRNA-Seq experiment, we addressed power issues conducting 

our analysis on two independent cohorts for a total of nine animals. Overall, there was no 

lack of statistical power for our key observations.  

 

While the global vaccine rollout has made great strides to reduce the transmission and 

severity of SARS-CoV-2 infection, millions of people remain vulnerable. Understanding 

the early events of SARS-CoV-2 infection, and the mechanisms by which clinically 

approved drugs afford protection, remains a global priority.  In this study, we have 
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identified two populations of inflammatory myeloid cells that are responsible for the 

preponderance of airway inflammation in acute SARS-CoV-2 infection. We also 

demonstrated that treatment with baricitinib, recommended by the World Health 

Organization for treatment of severe COVID-19 in January 2022, blocked infiltration of 

these inflammatory cells into the alveolar space. These data identify both a key druggable 

target (airway infiltrating macrophages), and an efficacious mechanism by which to lower 

airway inflammation, and should prove useful for identifying additional drugs to reduce 

the incidence and mortality of severe COVID-19 disease. 

 

METHODS 

Animal and SARS-CoV-2 infections 

The animal care facilities at ENPRC are accredited by the Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC) as well as the U.S. Department 

of Agriculture (USDA). Emory University’s Institutional Animal Care and Use Committee 

(IACUC) reviewed and approved all animal experiments under permit 

PROTO202000035. All procedures were performed as per the institutional regulations 

and guidelines set forth by the NIH’s Guide for the Care and Use of Laboratory Animals 

(8th edition) and were conducted under anesthesia and appropriate follow-up pain 

management to minimize animal suffering. Eight (4 females, 4 males, aged >11 yrs) 

specific-pathogen-free Indian-origin rhesus macaques were infected via intranasal and 

intratracheal routes with 1.1 x 106 plaque forming units (PFU) SARS-CoV-2  as previously 

described173 and were maintained in the ABSL3 at YNPRC (IACUC permit 

PROTO202000035). The processing of nasopharyngeal swabs, BAL and mononuclear 
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cells was performed as described previously173. Six (2 females, 4 males, aged >6 yrs) 

additional specific-pathogen-free Indian-origin rhesus macaques were added to the study 

(IACUC permit PROTO202100003) and were also infected via intranasal and 

intratracheal routes with 1.1 x 106 plaque forming units (PFU) SARS-CoV-2 for 

characterization of CCR2 expression in whole blood and BAL. 

The 8 animals under IACUC permit PROTO202000035 were age and sex matched 

between untreated control and baricitinib-treated experimental arms, with 2 females and 

2 males assigned to each respective arm. Cohort 2 (IACUC permit PROTO202100003) 

was comprised of 2 females and 4 males, all of which served as untreated controls. Efforts 

to include equal numbers of females and males in Cohort 2 were made. However, female 

macaques were limited at the time of Cohort 2 animal assignment due to breeding 

demands. In total, between Cohort 1 and 2, 4 female and 6 male untreated controls were 

included in this study. 

 

Viral Stocks 

The viral stocks used for infecting the 8 RMs on IACUC permit PROTO202000035 were 

previously described173. SARS-CoV-2 (NR-52281: BEI Resources, Manassas, VA; USA-

WA1/2020, Lot no. 70033175) was passaged on Vero E6 cell line (African Green Monkey 

Kidney cell line; CRL-1586, ATCC) at a MOI of 0.01. The TCID50 method was used to 

propagate and titrate SARS-CoV-2 followed by storage of aliquots at -80°C. The 

infectious dose delivered was determined by back titration of viral stocks via plaque 

assay. The virus stock was sequenced to confirm the presence of furin cleavage motif. 

The viral stocks used had less than 6% of genomes with a mutation that may abrogate 
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furin cleavage. The 6 RMs on IACUC permit PROTO202100003 were infected with the 

viral stock NR-53899: BEI Resources, Manassas, VA; USA-WA1/2020. 

 

Determination of viral load RNA  

The SARS-CoV-2 genomic and sub-genomic RNA was quantified in nasopharyngeal 

swabs, throat swabs, and BAL as previously described173, 325. The swabs were kept in 

1mL of Viral Transport Medium (VTM-1L, Labscoop, LLC). The viral RNA was extracted 

from fresh specimens of nasopharyngeal (NP) swabs, throat swabs, and BAL manually 

using the QiaAmp Viral RNA mini kit as per the manufacturer’s protocol. For genomic 

RNA, CDC designed N2 primer and probe set: CoV2-N2-F: 5’-

TTACAAACATTGGCCGCAAA-3’, CoV2-N2-R: 5’-GCGCGACATTCCGAAGAA-3’, and 

CoV2- N2-Pr: 5’-FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ-3’362 were used for 

quantitative PCR (qPCR). For sub-genomic RNA, the primer and probe sequences for E 

gene subgenomic mRNA transcript363 were used: SGMRNA-E-F: 5’-

CGATCTCTTGTAGATCTGTTCTC-3’, SGMRNA-E-R: 5’-

ATATTGCAGCAGTACGCACACA-3’, and SGMRNA-E-Pr: 5’-FAM-

ACACTAGCCATCCTTACTGCGCTTCG-3’. The qPCR reactions were performed with 

the TaqMan Fast Virus 1-step Master Mix using the manufacturer’s cycling conditions, 

200nM of each primer, and 125nM of the probe in duplicate. 257 copies/mL 

VTM/plasma/BAL ws the limit of detection for this assay. The CDC RNase P p30 subunit 

qPCR, modified for rhesus macaque specific polymorphisms, was used to verify sample 

quality using the following primer and probe sequences: RM-RPP30-F 5’-

AGACTTGGACGTGCGAGCG-3’, RM-RPP30-R 5’-GAGCCGCTGTCTCCACAAGT-3’, 
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and RPP30-Pr 5’-FAM-TTCTGACCTGAAGGCTCTGCGCG-BHQ1-3’. The RNA integrity 

and sample quality was verified by running a single well from each extraction. 

 

Tissue processing 

NP swabs were collected under anesthesia by using a clean rayon-tipped swab 

(ThermoFischer Scientific, BactiSwab NPG, R12300) placed approximately 2-3cm into 

the nares.  Oropharyneal swabs were collected under anesthesia using polyester tipped 

swabs (Puritan Standard Polyester Tipped applicator, polystyrene handle, 25-806 2PD, 

VWR International) to streak the tonsils and back of throat bilaterally (throat/pharyngeal). 

The swabs were dipped in 1 mL viral transport media (Viral transport Media, VTM-1L, 

Labscoop, LLC) and vortexed for 30 sec, and the eluate was collected.  

To collect BAL, a fiberoptic bronchoscope (Olympus BF-XP190 EVIS EXERA III ULTRA 

SLM BRNCH and BF-P190 EVIS EXERA 4.1mm) was manipulated into the trachea, 

directed into the primary bronchus, and secured into a distal subsegmental bronchus 

upon which 35-50 mL of normal saline (0.9% NaCl) was administered into the bronchus 

and re-aspirated to obtain a minimum of 20ml of lavage fluid. BAL was filtered through a 

70μm cell strainer and multiple aliquots were collected for viral loads. Next, the remaining 

BAL was centrifuged at 2200rpm for 5 minutes and the BAL fluid supernatant was 

collected for mesoscale analysis. Pelleted BAL cells were resuspended in R10 and used 

for downstream analyses. 

Mononuclear cells were counted for viability using a Countess II Automated Cell Counter 

(Thermo Fisher) with trypan blue stain and were cryo-preserved in aliquots of up to 2x107 

cells in 10% DMSO in heat-inactivated FBS. Whole tissue segments (0.5 cm3) were snap 
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frozen dry, or stored in RNAlater (Qiagen), or Nuclisens lysis buffer (Biomerieux) for 

analyses of compound distribution, RNA-seq, and tissue viral quantification, respectively.  

 

 

Immunophenotyping and flow cytometric purification of RM pulmonary 

macrophages 

23-parameter flow cytometric analysis was perform on fresh EDTA whole blood and BAL 

mononuclear cells from SARS-CoV-2 infected RMs as described previously173 using anti-

human monoclonal antibodies (mAbs), which we and others173, 364, 365, including 

databases maintained by the NHP Reagent Resource (MassBiologics), have shown as 

being cross-reactive in RMs.  

A panel of the following mAbs was used for the longitudinal phenotyping of innate immune 

cells in whole blood (500 μL), and mononuclear cells (10^6 cells) derived from BAL from 

Cohort 1 and baricitinib-treated animals: anti-CD20-BB700 (clone 2H7; 2.5uL; cat. # 

745889), anti-Ki-67-BV480 (clone B56; 5uL; cat. # 566109), anti-CD14-BV605 (clone 

M5E2; 2.5uL; cat. # 564054), anti-CD56-BV711 (clone B159; 2.5uL; cat. # 740781), anti-

CD115-BV750 (clone 9-4D2-1E4; 2.5uL; cat. # 747093), anti-CD3-BUV395 (clone SP34-

2; 2.5uL; cat. # 564117), anti-CD8-BUV496 (clone RPA-T8; 2.5uL; cat. # 612942), anti-

CD45-BUV563 (clone D058-1283; 2.5uL; cat. # 741414), anti-CCR2-BUV661 (clone 

LS132.1D9; 2.5uL; cat. # 750472), anti-CD16-BUV737 (clone 3G8; 2.5uL; cat. # 564434), 

anti-CD69-BUV805 (clone FN50; 5uL; cat. # 748763), and Fixable Viability Stain 700 

(2uL; cat. # 564997) all from BD Biosciences; anti-CD38-FITC (clone AT1; 5uL; cat. # 

60131FI) from STEMCELL Technologies; anti-CD161-BV421 (clone HP-3G10; 5uL; cat. 
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# 339914), anti-HLA-DR-BV650 (clone L243; 5uL; cat. # 307650), anti-CD11c-BV785 

(clone 3.9; 5uL; cat. # 301644), anti-CD11b-PE (clone ICRF44; 2.5uL; cat. # 301306), 

and anti-CD123-APC-Fire750 (clone 315; 2.5uL; cat. # 306042) all from Biolegend; anti-

GranzymeB-PE-TexasRed (clone GB11; 2.5uL; cat. # GRB17) from Thermo Fisher; anti-

CD66abce-PE-Vio770 (clone TET2; 1uL; cat. # 130-119-849) from Miltenyi Biotec; and 

anti-CD27-PE-Cy5 (clone 1A4CD27; 2.5uL; cat. # 6607107) and anti-NKG2A-APC (clone 

Z199; 5uL; cat. # A60797) from Beckman Coulter (Fig. 2.S4).  

For Cohort 2 animals, a different panel of the following mAbs was used for the longitudinal 

phenotyping of innate immune cells in whole blood (500 μL), as described in (20), and 

mononuclear cells (2x106 cells) derived from BAL: anti-CD20-BB700 (clone 2H7; 2.5 μL; 

cat. # 745889), anti-CD11b-BV421 (clone ICRFF44; 2.5 μL; cat. # 562632), anti-Ki-67-

BV480 (clone B56; 5 μL; cat. # 566109), anti-CD14-BV605 (clone M5E2; 2.5 μL; cat. # 

564054), anti-CD56-BV711 (clone B159; 2.5 μL; cat. # 740781), anti-CD163-BV750 

(clone GHI/61; 2.5 μL; cat. # 747185), anti-CD3-BUV395 (clone SP34-2; 2.5 μL; cat. # 

564117), anti-CD8-BUV496 (clone RPA-T8; 2.5 μL; cat. # 612942), anti-CD45-BUV563 

(clone D058-1283; 2.5 μL; cat. # 741414), anti-CCR2-BUV661 (clone LS132.1D9; 2.5 μL; 

cat. # 750472), anti-CD16-BUV737 (clone 3G8; 2.5 μL; cat. # 564434), anti-CD101-

BUV805 (clone V7.1; 2.5 μL; cat. # 749163), anti-CD169-PE (clone 7-239; 2.5 μL; cat. # 

565248), and anti-CD206-PE-Cy5 (clone 19.2; 20 μL; cat. # 551136) and Fixable Viability 

Stain 700 (2 μL; cat. # 564997) all from BD Biosciences; anti-ACE2-AF488 (clone 

Polyclonal; 5 μL; cat. # FAB9332G-100UG) from R & D; anti-HLA-DR-BV650 (clone L243; 

5 μL; cat. # 307650), anti-CD11c-BV785 (clone 3.9; 5 μL; cat. # 301644), and anti-CD123-

APC-Fire750 (clone 315; 2.5 μL; cat. # 306042) all from Biolegend; anti-GranzymeB-PE-
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TexasRed (clone GB11; 2.5 μL; cat. # GRB17) from Thermo Fisher; anti-CD66abce-PE-

Vio770 (clone TET2; 1 μL; cat. # 130-119-849) from Miltenyi Biotec; anti-NKG2A-APC 

(clone Z199; 5 μL; cat. # A60797) from Beckman Coulter. mAbs for chemokine receptors 

(i.e. CCR2) were incubated at 37C° for 15 min, and cells were fixed and permeabilized at 

room temperature for 15 min with Fixation/Permeabilization Solution Kit (BD Biosciences; 

cat. #554714). For each sample, a minimum of 1.2x105 stopping gate events (live CD3+ 

T-cells) were recorded. All samples were fixed with 4% paraformaldehyde and acquired 

within 24 hours of fixation. Acquisition of data was performed on a FACSymphony A5 (BD 

Biosciences) driven by FACS DiVa Version 8.0 software and analyzed with FlowJo 

(version 10.7; Becton, Dickinson, and Company). The gating strategy is show in Fig. 

2.S1. 

 

Bulk RNA-Seq library & sequencing 

The data for -5dpi, 2dpi and 4dpi for bulk BAL samples was obtained from our previous 

study173. Here we expanded our study to include 7dpi and 10dpi/11dpi samples for BAL 

and -5dpi, 1dpi, 2dpi, 4dpi, 6dpi, 7dpi, 8dpi and 10/11dpi for PBMC. Cell suspensions 

were prepared in BSL3, for bulk RNA-Seq, 250,000 cells (PBMCs) or 100,000 cells (BAL) 

were lysed directly into 700 ul of QIAzol reagent. The RNeasy Mini or Micro kits (QIAGEN) 

with on-column DNase digestion was used to isolate RNA. The quality of RNA was 

determined using an Agilent Bioanalyzer and the cDNA synthesis was carried out using 

the total RNA with Clontech SMARTSeq v4 Ultra Low Input RNA kit (Takara Bio) as per 

the manufacturer’s instructions. Dual-indexed bar codes were appended to the amplified 

cDNA after fragmenting using the NexteraXT DNA Library Preparation kit (Illumina). 
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Agilent 4200 TapeStation was used to validate the libraries by capillary electrophoresis 

and the libraries were pooled at equimolar concentrations.  The libraries were sequenced 

on an Illumina NovaSeq6000 at 100SR, yielding 20-25 million reads per sample.  

Bulk RNA-Seq analysis 

The BCL files were converted to Fastq using bcl2fastq v2.20.0.422 . The genome 

sequences for Macaca mulatta (Mmul10 Ensembl release 100), SARS-CoV-2 

(strain MN985325.1 - NCBI) and ERCC sequences were combined to build a STAR index 

(v2.7.3a) as described previously and the reads were aligned to this reference173. The 

ReadsPerGene files were converted into the htseq format and were then imported in 

DESeq2  v1.24.0366 using the DESeqDataSetFromHTSeqCount function. The design 

used was: ∼ Subject + Group * Timepoint where Group distinguished between samples 

that were untreated or treated with baricitinib during the time course. Differentially 

expressed genes for BAL and PBMC were determined using a threshold of padj < 0.05,  

fold-change > 2 and filtering out lowly expressed genes where all of the samples at a 

particular timepoint were required to have detectable expression by normalized reads > 

0 for that gene.  

The input for GSEA v4.1.0367 was the regularized log expression values obtained from 

DESeq2. The following gene sets were used for GSEA analysis: Hallmark and Canonical 

pathways (MsigDB), NHP ISGs368 and Rheumatoid arthritis (KEGG map05323). Since 

the gene names are largely consistent between the rhesus monkey and human genome 

references, they were used unaltered with human MsigDB gene sets. The default 

parameters were ued to run GSEA with gene_set permutation type. Volcano plots of 

differential expression at each timepoint were generated with EnhancedVolcano (v1.8.0) 
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R library369. The regularized log expression values from DESeq2 were used to generate 

heatmaps using the ComplexHeatmap (v2.0.0) R library370. 

 

scRNA-Seq analysis 

The filtered count matrices for BAL were obtained from173. For each BAL sample from 

SARS-CoV-2 infected rhesus macaque, the count matrix was filtered to include only the 

protein coding genes. Genes encoded on Y chromosome, mitochondrial genes, RPS and 

RPL genes, B-cell receptor and T-cell receptor genes, and HBB were filtered out. The 

Seurat library v4.0.4337 was used to perform the analysis. The following parameters were 

used to filter cells: (i) nFeature_RNA >=200 & <=4000, (ii) % of HBB gene < 10, (iii) % of 

mitochondrial genes < 20, (iv) % of RPS/RPL genes < 30 and (v)  log10(nFeature_RNA) 

/ log10(nCount_RNA) >= 0.8. The number of cells from each sample that passed QC 

metrics are included in Supplementary Data 5. All the BAL samples from each animal at 

-5dpi and 4dpi were then integrated as per the Seurat integration pipeline371 using the 

default CCA method after normalizing the samples using SCTransform method. The first 

30 dimensions were used with RunUMAP and FindNeighbors functions.  

For identification of DC, all the BAL samples from -5dpi and 4dpi for both treated and 

untreated rhesus macaques were integrated using CCA. The clusters were determined 

using the FindClusters function in Seurat and the cells were annotated using SingleR 

(v1.4.0) (Fig. 2.S10 a,b). The seurat cluster 11 was classified as pDC based on the 

expression of canonical markers (Fig. 2.S10c). The clusters 17 and 22 were classified as 

mDC and activated mDC based on expression of marker genes reported previously372. 
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For getting the subset of macrophages/monocytes, the largest cluster primarily comprised 

of macrophages/monocytes annotated by SingleR (BluePrintEncode database) was 

selected. Cells that were annotated as another cell type in this cluster were filtered out. 

The macrophages/monocytes from all BAL samples were then split into individual 

samples, normalized using SCTransform method and then integrated again using 30 

dimensions. We used the FindMarkers function in Seurat to test for differential expression 

using the MAST (v1.16.0) method373. 

The macrophages/monocytes from BAL samples were annotated into subsets using two 

approaches – (i) mapping to macrophages/monocytes from lung reference using Seurat 

and (ii) using bulk sorted cells as reference with SingleR331. The 10X lung scRNA-seq 

data from three uninfected macaque was obtained from a published study (NCBI GEO: 

GSE149758)336. The following parameters were used to filter cells: (i) nFeature_RNA 

>=200 & <=4000, (iii) % of mitochondrial genes < 20, (iv) % of RPS/RPL genes < 50 and 

(v)  log10(nFeature_RNA) / log10(nCount_RNA) >= 0.8. The samples were normalized 

using SCTransform and integrated. The first 40 dimensions were used for the initial 

clustering. The macrophage/monocyte cells as annotated by SingleR were then selected, 

split into individual samples and integrated again using 30 dimensions. Louvain clustering 

resulted in four clusters which were annotated based on the expression of marker genes. 

This integrated dataset served as the reference to map the macrophages/monocytes from 

SARS-CoV-2 infected BAL using the FindTransferAnchors and MapQuery with 

reference.reduction set to pca and umap as the reduction.model.  

The BAL samples were also annotated using SingleR library with the IM and AM bulk 

sorted cells as reference.In order to obtain references for assigning cell types in single-
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cell data, bulk RNA-Seq data of interstitial (IM) and alveolar macrophages (AM) from three 

uninfected cynomolgus macaques338 was analyzed using DESeq2. The regularized log 

expression values were obtained using the rlog function with the parameters blind = 

FALSE and filtType = “parametric.” The significant genes were filtered based on following 

criteria: padj < 0.05; fold-change > 2 and normalized mean expression > 5000 for either 

IM or AM samples.  

 For analysis of human lung data, we obtained the rds object for GEO GSE135893343 and 

filtered all cells except those annotated as Macrophages, Monocytes and Proliferating 

macrophages from Control samples. There were a total of 10 control samples from two 

different sites. We observed some potential batch effects in UMAP and selected only 

seven samples from the “Vanderbilt” site. We further dropped one sample as the number 

of macrophages/monocytes was low resulting in a total of six healthy samples. The object 

was split based on the Sample_Name and reintegrated using CCA method in Seurat. 

Based on the expression of markers genes described in Morse et al344, the four seurat 

clusters obtained by using 15 dimension and a resolution of 0.1, were annotated as 

FABP4hi, SPP1hi, FCN1hi and Proliferating macrophages. The rhesus and human 

macrophage/monocytes from healthy individuals were then integrated using the 

reference-based approach with human samples as the reference  using genes that were 

classified as one-to-one orthologs according to ENSEMBL between GRCh38 and 

Mmul10 and shared the same gene name. The UCell (v1.3.1)374 package was used to 

obtain enrichment scores for marker gene expression between rhesus and human 

macrophage/monocyte subsets. The markers for each subset were obtained using the 

FindMarkers function in Seurat for each species using the MAST method and filtered to 
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include those with an adjusted p-value < 0.05 and fold-change of > 1.5. These were 

further filtered to only include genes that were classified as one-to-one orthologs and 

shared the same gene name between GRCh38 and Mmul10 (Supplementary Data 6). 

For human BAL, we used the samples available as part of GEO: GSE145926100. The 

cells were filtered based on the following criteria: nFeature_RNA > 100, nFeature_RNA 

< 3500 and percent.mito < 10 and the samples were integrated using reciprocal PCA. 

The cells were annotated using BPEncode database in SingleR and only the cells 

annotated as macrophages/monocytes in the largest cluster comprising of 

macrophages/monocytes was used for further analysis (Fig. 2.S8d,e). These cells were 

then annotated using the healthy lung macrophage/monocyte as reference using the 

FindTransferAnchors and MapQuery functions in seurat. The expression of marker genes 

was used to assess the accuracy of the predictions (Fig. 2.S8f).  

To calculate the contribution of each cell type towards expression of a gene, the CPM 

values were obtained using RC normalization method with a scale factor of 1e6. The 

total CPM value was calculated per gene and the sum of CPM values for a given cell 

type was divided by the total to obtain a percentage value.  

 

Mesoscale cytokine analysis.  

U-PLEX assays (Meso Scale MULTI-ARRAY Technology) were used for plasma and 

BALF cytokine detection according to manufacturer’s instructions, using 25  microliters 

as input. 

Statistics & Reproducibility 
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No statistical method was used to predetermine sample size. The sample size was largely 

determined by (i) availability of NHP that, at the time of the study (March 2020), could be 

infected with SARS-CoV-2 and housed in BSL-3 and (ii) anticipated strong impact of 

baricitinib in blocking SARS-CoV-2 induced inflammation. The 8 RMs from Cohort 1 were 

randomized two days after infection into a treated and untreated group each comprising 

of four RMs. Cohort 2 was comprised of 6 SARS-CoV-2-infected RMs329. Nasal sgRNA 

viral loads at 2dpi were not measured for 4 animals (n=2 Cohort 1 and n=2 baricitinib 

cohort) and throat sgRNA viral loads at 6dpi and 8dpi were not measured for one Cohort 

1 animal due to limited RNA. Whole blood was not stained for flow cytometry at 1dpi for 

one Cohort 1 and two baricitinib animals and 6dpi for one Cohort 1 animal. BAL fluid 

supernatant was not collected for one Cohort 1 and one baricitinib animal at 2dpi and 

subsequently not run for mesoscale analysis. One scRNA-Seq baseline sample from 

cohort 2 was dropped due to large fraction of epithelial cells. The Investigators were not 

blinded to allocation during experiments and outcome assessment. Statistical tests were 

performed using R (version 4.2.2) or GraphPad Prism v7.02 and have been listed 

accordingly. The specific tests that were used: one-tailed/two-tailed, Mann-Whitney 

U/Wilcoxon signed-rank test have been indicated for each comaprison. For differential 

gene expression analysis of bulk and single-cell RNA-Seq data, the adjusted p-values 

after multiple test correction, determined as part of DESeq2 and MAST analyses were 

used.  

 

  

Data  availability: 
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 The bulk RNA-Seq data generated in this study for 7dpi and 10dpi/11dpi samples for 

BAL and -5dpi, 1dpi, 2dpi, 4dpi, 6dpi, 7dpi, 8dpi and 10/11dpi for PBMC has been 

deposited in NCBI GEO (GSE198882). The scRNA-Seq data for BAL from SARS-CoV-2 

infected rhesus macaques and the bulk RNA-Seq data for -5dpi, 2dpi and 4dpi for bulk 

were obtained from GEO  GSE159214173. The 10X single-cell uninfected rhesus 

macaque lung samples were obtained from GEO GSE149758336. The bulk RNA-Seq data 

for sorted interstitial and alveolar macrophages from cynomolgus macaque were obtained 

GEO 338. The single-cell uninfected human lung samples and the human BAL samples 

were obtained from GEO GSE135893343 and GSE145926100 respectively. Source data 

for the figures are provided with the paper.  

Code availability: 

The scripts used for analysis are available at 

https://github.com/BosingerLab/NHP_COVID-19_2375. 
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Chapter Two Figures 
 

 
Figure 2.1. Early expansion of inflammatory cells in the blood following infection 
with SARS-CoV-2. (a) Study design; RMs were infected intranasally and intratracheally 
with SARS-CoV-2 and tracked longitudinally (Cohort 1: n=4, baricitnib cohort: n=4, , 
Cohort 2: n = 6). Baricitinib was administered daily to 4 RMs (baricitinib cohort) starting 
at 2dpi and the remaining 4 RMs (Cohort 1) were untreated. (Created with 
BioRender.com) (b) After SARS-CoV-2 inoculation, nasal, throat, and bronchoalveolar 
lavages (BAL) were collected and viral loads were quantified by qRT-PCR for total gRNA 
and sgRNA. (c) Longitudinal levels of monocytes within BAL and blood depicted as a % 
of CD45+ cells. p-values: CD14-CD16+ Monocytes Blood: 1 dpi vs -5 dpi = 0.03 and 2 
dpi vs -5 dpi = 0.004; CD14+CD16+ Monocytes Blood 2 dpi vs -5 dpi = 0.004 (d) 
Longitudinal levels of plasmacytoid dendritic cells (pDCs) within BAL and blood depicted 
as a percentage of CD45+ cells. p-value for pDCs Blood 2 dpi vs -5 dpi = 0.02. (e) 
Longitudinal levels of NK cells expressing Granzyme B in BAL and blood. p-values for 
Granzyme B+ NK Cells 2 dpi vs -5 dpi  BAL = 0.01 and blood = 0.008.  n = 8 RM from 
Cohort 1 & baricitinib cohort) The red bars represent the mean. Statistical analysis was 
performed using one-tailed Wilcoxon signed-rank test in Graphpad Prism v7.02 
comparing each timepoint to -5dpi. * p-value < 0.05, ** p-value < 0.01. Source data (b-e) 
are provided as a Source Data file. 
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Figure 2.2. Early pro-inflammatory and ISG response observed in airways and 
peripheral blood by bulk transcriptomics. n = 8 RM from Cohort 1 & baricitinib cohort) 
for -5 dpi and 2dpi except for (c) where n=6 (3 RM Cohort 1 + 3 RM baricitnib cohort) at 
2 dpi.  n=4 RM from Cohort 1 starting from 4dpi (a) Dot plots showing normalized 
enrichment scores and nominal p-values for gene sets. Enrichment is indicated by dot 
color (red: positively enriched vs -5dpi; blue: negatively enriched), dot size indicates 
significance. Normalized enrichment scores and nominal p-values were determined using 
GSEA367. The exact nominal p-values are included in Supplementary Data 1. (b) 
Heatmap of longitudinal responses for the ISG gene set. The color scale indicates log2 
expression relative to the median of the -5dpi samples. (c) Cytokines evaluation 
(Mesoscale) in BALF p-values for 2dpi vs -5 dpi: IL6 = 0.02 and IP-10 = 0.03  and (d) 
Plasma; only significant cytokines are shown (p-values for 2dpi vs -5 dpi: IP-10 = 0.008, 
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MCP-1 = 0.008, MCP-2 = 0.004). (e) Sum of normalized expression of all IFNA genes in 
BAL. * p-value = 0.04. (f) GSEA enrichment plot showing negative enrichment for AM 
gene signature (derived from SingleR) when comparing bulk BAL RNA-Seq samples from 
4dpi to -5dpi (Nominal p-value = 0). The red bar represents the mean. Statistical analysis 
for (c), (d) and (e) was performed using one-tailed Wilcoxon signed-rank test in R v4.2.2 
comparing each timepoint to -5dpi. * p-value < 0.05, ** p-value < 0.01. Source data (c-e) 
are provided as a Source Data file. 
 
 

Figure. 2.3. Influx of pro-inflammatory macrophages in BAL (a) Projection of single-
cell macrophages/monocytes from -5dpi (green) and 4dpi (magenta)  10X BAL samples 
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obtained from three SARS-CoV-2 infected rhesus macaques (Cohort 1) onto the 
reference UMAP of lung macrophage/monocytes from uninfected rhesus macaques 
(NCBI GEO : GSE149758336).  (b) UMAP projections showing the predicted cell type 
annotations based on the uninfected lung reference split by time of sample collection 
(Cohort 1). (c) DotPlots showing the expression of marker genes for the different 
macrophage/monocyte subsets in SARS-CoV-2 infected BAL samples (Cohort 1) (d) 
Log2 fold-changes compared to -5dpi for APOBEC3A, CHIT1 and MARCO in bulk BAL 
RNA-Seq data (Cohort 1). Signficance was determined using DESeq2. The p-values 
corrected by the default Benjamini and Hochberg method were used * adj p-value < 0.05, 
*** adj p-value < 0.001. The exact p-values are included in Supplementary Data 2.  (e 
and f) Percentage of a given subset out of all macrophage/monocyte subsets at -5dpi 
and 4dpi from all three animals pooled (Cohort 1) (e) and  at -7dpi and 4 dpi from all six 
animals pooled (Cohort 2) (f).  (g and h) Percentage of a given subset out of all 
macrophage/monocyte subsets for each animal at -5dpi and 4dpi from Cohort 1 (n=3) (g) 
and at -7dpi (n = 5) and 4 dpi (n=6) for Cohort 2 (h) . The black lines indicate the median. 
p-values for Cohort 2 (f) for 4 dpi vs – 7 dpi: CD163+MRC1+ = 0.009, 
CD163+MRC1+TREM2+ = 0.03, and CD163+MRC1- = 0.004 (i-l) Contribution of each 
macrophage/monocyte subset towards the production of the pro-inflammatory genes and 
ISG – Cohort 1 pooled (i), Cohort 2 pooled (j), Cohort 1 individual (k) and Cohort 2 
individual (l). p-values for (l): * = 0.03. The percentage contribution was calculated by 
dividing the sum of normalized expression of a given gene in a macrophage/monocyte 
subset by the sum of the normalized expression of the gene in all macrophage/monocyte 
subsets. (a-c,e,g,i,k) Cohort 1: n=3 for both -5dpi and 4dpi, (d) Cohort 1: n= 8 for 2dpi and  
n=4 for 4dpi (f,h,j,l) Cohort 2: n=5 for -7dpi and n=6 for 4 dpi.  The black lines indicate the 
median. Statistical analysis was performed using two-tailed Wilcoxon singed rank test for 
(g, k and l) and two-tailed Mann-Whitney U test for (h) in R v4.2.2. * p-value < 0.05, ** p-
value < 0.01. Source data (d-l) are provided as a Source Data file. 
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Figure 2.4. Comparison of rhesus and human macrophage subsets. (a) Macrophage 
subsets in lungs from six healthy human donors (GEO: GSE135893). (b) Macrophage 
subsets in lungs from three healthy rhesus macaques (GEO: GSE149758). (c) DotPlots 
showing the expression of marker genes. The color gradient represents the level of 
expression and the size of the dot represents the percentage of cells expressing a given 
gene. (d) UMAP of BAL samples from human donors that are healthy (n=3), or suffering 
from moderate (n = 3) or severe (n = 6) COVID-19 (GEO: GSE145926) mapped to the 
healthy lung reference using the Seurat MapQuery function  (e) Percent of predicted cell 
types out of all macrophage/monocytes in each human BAL sample. The black bar 
indicates the median. Statistical analysis was performed using pairwise two-tailed Mann- 
Whitney U test in R v4.2.2. p-value * = 0.02 . (f & g) Contribution of each predicted 
macrophage/monocyte subsets in human BAL towards the production of the pro-
inflammatory genes and ISG – pooled (f) and individual (g). The percentage contribution 
was calculated by dividing the sum of normalized expression of a given gene in a 
macrophage/monocyte subset by the sum of the normalized expression of the gene in all 
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macrophage/monocyte subsets. The black bars represent the median. Statistical analysis 
was performed using two-tailed Wilcoxon signed rank test in R v4.2.2. * p-value  0.03 for 
all except FABP4 vs Proliferating for IL6, IL1B, TNF, CXCL3, CXCL8 and SPP1hi vs 
Proliferating for CCR2: p-value = 0.04. Source data (e-g) are provided as a Source Data 
file. 
 
 

 
Figure 2.5. Baricitinib reduced the influx of pro-inflammatory macrophages in 
addition to the pro-inflammatory gene expression profile. (a) Projection of 
macrophages/monocytes from -5dpi and 4dpi 10X BAL samples from three untreated and 
two baricitinib treated rhesus macaques on the reference UMAP of uninfected lung 
macrophages/monocytes (NCBI GEO: GSE149758) (b) UMAP split by treatment and 
timepoint showing predicted cells annotations based on mapping to the reference lung 
macrophages/monocytes (c & d) Percentage of a given macrophage/monocyte subset of 
all the macrophages/monocytes in the BAL samples -  pooled (c) and individual (d) (e, f, 
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g) Violin plots showing expression of pro-inflammatory cytokines (e), chemokines (f) and 
ISG (g) in the different macrophage/monocyte subsets in BAL 10X samples from 
baricitinib treated and untreated samples. (h) Absolute number of pDC in BAL samples 
from scRNA-Seq and (i) Percentage of pDC out of all cells in the BAL samples from 
scRNA-Seq. Source data (c,d,h,i) are provided as a Source Data file. 
 
 

 
Figure 2.S1. Flow  gating strategy for different immune cell populations. 
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Figure 2.S2. Longitudinal flow cytometric analysis in BAL and blood following 
SARS-CoV-2 infection. n = 8 RM from Cohort 1 and baricitnib cohort for -5dpi and 2dpi, 
n= 5 RM from Cohort 1 and baricitinib cohort for 1dpi blood samples and n=4 RM from 
Cohort 1 at 4dpi, 7dpi, and 10dpi, and n= 3 RM from Cohort 1 at 6dpi. Open symbols 
represent baricitnib cohort that started receiving treatment at 2dpi and the filled symbols 
represent RM from Cohort 1 that were untreated.  (a) Longitudinal levels of monocytes 
within BAL and blood depicted as the percentage of CD45+ cells and % of monocytes 
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(CD3- CD20- HLA-DR+). p-values for % of CD45+: CD14-CD16+ monocytes blood: 1 dpi 
vs -5 dpi = 0.03 and 2 dpi vs -5 dpi = 0.004; CD14+CD16+ monocytes blood 2 dpi vs -5 
dpi = 0.004. p-values for % of monocytes: CD14-CD16+ monocytes blood: 1 dpi vs -5 dpi 
= 0.03 and 2 dpi vs -5 dpi = 0.004; CD14+CD16+ monocytes blood 2 dpi vs -5 dpi = 0.02 
(b) Longitudinal levels of NK cells as a percentage of CD45+ cells and frequency of NK 
cells expressing Granzyme B in BAL and blood. p-values for Granzyme B+ NK Cells 2 
dpi vs -5 dpi  BAL = 0.01 and blood = 0.008. (c) Longitudinal levels of plasmacytoid 
dendritic cells (pDCs) within BAL and blood depicted as a % of CD45+ cells. (d, e, f) 
Absolute counts of monocytes (d), Granzyme B expressing NK cells (e) and pDCs (f).p-
values for (d) CD14-CD16+ monocytes in blood 2 dpi vs -5 dpi = 0.004, (e) Granzyme B+ 
NK cells in blood 2 dpi vs -5 dpi = 0.004. The red bars represent the mean. Statistical 
analysis was performed using one-tailed Wilcoxon signed-rank test (a-c) and two-tailed 
Wilcoxon test (d-f) in Graphpad Prism v7.02 comparing each time point to -5dpi. * p-value 
< 0.05, ** p-value < 0.01. Source data (a-f) are provided as a Source Data file. 
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Figure 2.S3. Bulk transcriptomic analysis of airways and peripheral blood. n = 8 RM 
from Cohort 1 and baricitnib cohort for -5dpi, 1dpi and 2dpi, n= 4 RM from Cohort 1 
starting at 4dpi. (a) Heatmap showing expression of ISG in PBMC over all sampled time 
points. The color scale indicates log2 expression relative to the median of -5dpi samples. 
(b & c) Normalized expression of cytokines and chemokines in bulk RNA-Seq in BAL (b) 
and PBMC(c). Statistical analysis was performed using DESeq2. The p-values corrected 
by the default Benjamini and Hochberg method were used. * padj < 0.05, **  padj < 0.01, 
*** padj < 0.001. The exact p-values are included in Supplementary Data 2 and 3.  (d) 
Sum of normalized expression of IFNA in longitudinal BAL samples * p-value = 0.04. The 
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red bars represent the mean. Statistical analysis was performed using one-tailed 
Wilcoxon signed-rank test in R v4.2.2 comparing each time point to -5dpi. . Source data 
(d) are provided as a Source Data file. 
 
 

 
Figure 2.S4. References used for annotating macrophage/monocyte subsets.  
(a) UMAP of macrophages/monocytes from 10X lung samples of three uninfected rhesus 
macaques (NCBI GEO:  GSE149758336) showing Louvain clustering. (b & c) FeaturePlot 
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(b) and Violin Plots (c) showing the expression of marker genes in the 
macrophage/monocyte clusters. (d) DotPlot showing expression of marker genes for the 
different monocyte/macrophage subsets as defined previously336, 339 (e) Volcano plots 
showing differentially expressed genes for pairwise comparison of alveolar (n=3) and 
interstitial macrophages (n=3)338. The thresholds used are an adjusted p-value < 0.05 
and a fold change of 2 for alveolar vs interstitial macrophage. Top 15 genes that have a 
mean normalized expression of at least 5000 for either type have been indicated. 
Statistical analysis was performed using DESeq2. The p-values corrected by the default 
Benjamini and Hochberg method were used. (f) Heatmap showing the top 15 genes for 
each subset. The color scale indicates log2 expression relative to the median of all 
samples. (g) UMAP of single-cell 10X lung samples showing SingleR annotations using 
the bulk sorted cells as reference. 
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Figure 2.S5. Cell annotation using bulk sorted cells as reference. (a & b) The BAL 
macrophage/monocytes from SARS-CoV2 infected rhesus macaques (three untreated - 
Cohort 1 and two baricitinib treated) projected on the 10X lung reference 
macrophages/monocytes UMAP split by each animal and timepoint. (a) Annotations 
predicted from mapping to 10X lung samples using Seurat (b) Annotations predicted by 
SingleR using the bulk sorted AM and IM cells as reference.(c & d) Percentage of a 
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macrophage/monocytes subset out of all the macrophage/monocyte cells in a given 
sample based on 10X lung reference (c) and the bulk sorted cells as reference (d). (e) 
DotPlots showing expression of pro-inflammatory cytokines, chemokines and ISG in 
macrophage/monocyte subsets based on the bulk sorted cells reference at -5dpi and 4dpi 
in BAL samples from untreated (Cohort 1) and baricitinib treated rhesus macaques. 
Source data (c,d) are provided as a Source Data file. 
 
 

 
Figure 2.S6. Expression of cytokines and chemokines in mDC from rhesus macaque 
BAL. n = 3 RM from Cohort 1 for both -5dpi and 4dpi. (a) UMAP showing clusters 
annotated as mDC and activated mDC in integrated data comprising of untreated (Cohort 
1) and baricitnib treated animals. (b) Dot plot showing the expression of marker genes 
used for annotation of mDC clusters from untreated (Cohort 1) and baricitnib treated 
animals. (c) Percentage of mDCs out of all the BAL cells in untreated animals (Cohort 1). 
The black lines indicate the median. (d & e) Violin plots showing the expression of 
cytokines (d) and chemokines (e) in mDC subsets compared to all other BAL cells from 
untreated animals Source data (c) are provided as a Source Data file. 
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Figure 2.S7. Expression of canonical markers and pro-inflammatory genes in 
different macrophage/monocyte subsets. (a) 10X lung control samples from three 
uninfected RM. (b & c) BAL samples from three SARS-CoV2 infected RM (Cohort 1) 
annotated using the 10X lung reference (b) or the bulk sorted cells as reference (c). 
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Figure 2.S8. Feature plots showing expression of cytokines (a), chemokines (b) and ISG 
(c) in the different macrophage/monocyte subsets from rhesus macaque BAL (Cohort 1 
n = 3). 
 
 

 
Figure 2.S9. Contribution of each macrophage/monocyte subset towards the production 
of IL6 at 2 dpi and 4 dpi in Cohort 2 (n = 6). The percentage was obtained by summing 
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the normalized expression of IL6 for each subset and dividing by the total normalized 
expression of IL6 from all subsets separately for each time point. The black lines indicate 
the median. Statistical test was performed using two-tailed Wilcoxon signed rank test in 
R v4.2.2. p-values: 2dpi CD163+MRC1+ vs CD163+MRC1+TREM2+ = 0.04 and 
CD163+MRC1+TREM2+ vs CD163+MRC1- = 0.03. . Source data are provided as a 
Source Data file. 
 
 

 
Figure 2.S10. Expression of CCR2 in monocytes in rhesus macaque BAL (Cohort 2 
n = 6) (a) Representative Flow plots (b) Percentage of CCR2+ monocytes in blood (c) 
Percentage of CCR2+ monocytes in BAL. The red bar represents the mean. Statistical 
analysis was performed using two-tailed Wilcoxon signed-rank test in GraphPad Prism 
v7.02 comparing each time point. * p-value = 0.0312 . Source data (b,c) are provided as 
a Source Data file. 
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Figure 2.S11. Comparison of human lung macrophage/monocytes subsets with 
that of rhesus macaque (a) UMAP of macrophages/monocytes from lung samples of six 
healthy human donors343 and three healthy rhesus macaques33619 integrated with the 
human samples as reference using one-to-one orthologs between GRCh38 and Mmul10 
with shared gene names. (b) UMAP from (a) split by the cell types. The top row 
corresponds to the rhesus macrophages/monocytes while the bottom are from human. 
(c) Distribution of different cell types in each seurat cluster. Percentage of a cell type is 
indicated out of all human or rhesus macrophage/monocyte subsets in a given cluster. 
(d) Violin plots showing the UCell enrichment score for marker gene expression. The top 
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row shows the enrichment of rhesus macrophage/monocyte marker genes in human 
macrophages/monocytes and the bottom row shows the enrichment of human 
macrophage/monocyte marker genes in rhesus macrophages/monocytes (e & f) UMAP 
of integrated human BAL samples100 (healthy=3, mild COVID-19 = 3 and severe COVID-
19 = 6) colored by SingleR-based annotation (d) or manual selection of the myeloid 
cluster (e). (g) DotPlot indicating expression of marker genes in the predicted cell types 
in human BAL samples based on mapping to the human healthy lung 
macrophages/monocytes. Source data (c) are provided as a Source Data file. 
 
 

 
Figure 2.S12. Expression of pro-inflammatory mediators in human BAL samples. 
Expression of pro-inflammatory cytokines (a), chemokines (b) and ISG (c) in the different 
macrophage/monocyte subsets predicted in human BAL samples based on mapping to 
healthy human macrophages/monocytes. 
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Figure 2.S13. Annotation of pDC in BAL from untreated (n=3 – Cohort 1) and 
baricitinib treated (n=2) rhesus macaques. (a & b) UMAP after integration of all five 
samples colored according to seurat clusters (a) or SingleR-based annotations (b). (c) 
Dot plot showing expression of canonical marker genes for different Seurat clusters for 
the five rhesus BAL samples. Cluster 11 was annotated as pDC cells.  
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Chapter Three: Modulation of type I interferon responses 

potently inhibits SARS-CoV-2 replication and inflammation in rhesus macaques 
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Abstract: Type-I interferons (IFN-I) are critical mediators of innate control of viral 

infections, but also drive recruitment of inflammatory cells to sites of infection, a key 

feature of severe COVID-19. Here, IFN-I signaling was modulated in rhesus macaques 

(RMs) prior to and during acute SARS-CoV-2 infection using a mutated IFNα2 (IFN-

modulator; IFNmod), which has previously been shown to reduce the binding and 

signaling of endogenous IFN-I. IFNmod treatment in uninfected RMs was observed to 

induce a modest upregulation of only antiviral IFN-stimulated genes (ISGs); however, in 

SARS-CoV-2-infected RMs, IFNmod reduced both antiviral and inflammatory ISGs. 

Notably, IFNmod treatment resulted in a potent reduction in SARS-CoV-2 viral loads both 

in vitro in Calu-3 cells and in vivo in Bronchoalveolar lavage (BAL), upper airways, lung, 
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and hilar lymph nodes of RMs. Furthermore, in SARS-CoV-2 infected RMs, IFNmod 

treatment potently reduced inflammatory cytokines, chemokines, and CD163+MRC1- 

inflammatory macrophages in BAL and expression of Siglec-1 on circulating monocytes. 

In the lung, IFNmod also reduced pathogenesis and attenuated pathways of 

inflammasome activation and stress response during acute SARS-CoV-2 infection. Using 

an intervention targeting both IFN-α and IFN-β pathways, this study shows that, while 

early IFN-I restrains SARS-CoV-2 replication, uncontrolled IFN-I-signaling critically 

contributes to SARS-CoV-2 inflammation and pathogenesis in the moderate disease 

model of RMs. 

 

One Sentence Summary: Administration of a mutated IFNα2 to rhesus macaques limited 

viral replication and pathogenesis during SARS-CoV-2 infection. 

 

Main Text: 

INTRODUCTION 

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) and is an ongoing pandemic that has resulted in over 6.9 

million cumulative deaths 376, 377. While vaccines are highly effective, vaccine-induced 

immunity and neutralizing antibody titers wane over time. In addition, the emergence of 

SARS-CoV-2 variants resulting in breakthrough infections remains worrisome. Thus, it is 

imperative to fully characterize the viral pathogenesis of SARS-CoV-2 and early COVID-

19 immune responses to identify correlates of protection and design therapeutics that can 

mitigate disease severity and viral replication. 
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Type-I interferons (IFN-I) are ubiquitously expressed cytokines that play a central role in 

innate antiviral immunity and cell-intrinsic immunity against viral pathogens 104, 105, 378. The 

receptors for IFN-I, IFNAR1 and IFNAR2, are universally expressed and, following 

formation of the IFN-I ternary complex, trigger the downstream transcription of interferon 

stimulated genes (ISGs) that mediate a myriad of antiviral effector functions and promote 

recruitment of inflammatory cells 379. Work early in the pandemic indicated that the IFN-I 

system has a protective effect from disease in SARS-CoV-2 infection, as  individuals with 

severe COVID-19 were demonstrated to be more likely to have deficiencies to IFN-I 

responses, either by the presence of rare inborn errors (TLR3, IRF7, TICAM1, TBK1, or 

IFNAR1), neutralizing auto-antibodies against IFN-I, or the lack of production of IFN-I 72, 

95, 114, 115, 119, 355, 380-383. Additionally, Genome Wide Association Studies (GWAS) of 

critically ill COVID-19 patients have identified multiple critical COVID-19-associated 

variants in genes that are involved in IFN-I signaling including IFNA10, IFNAR2, TYK2, 

as well as type III interferon signaling IL10RB 384. These findings contributed to the 

establishment of a model in which sustained IFN-I responses were deemed to be critical 

for protecting SARS-CoV-2-infected patients from progressing to severe COVID-19.  

 

However, more recent work has suggested that the role of the IFN-I system in SARS-

CoV-2 infection may be more complex than initially thought. In contrast to the 

aforementioned studies, Povysil et al. found no associations between rare loss-of-function 

variants in IFN-I and severe COVID-19 385. Further, Lee et al. demonstrated that hyper-

inflammatory signatures characterized by IFN-I response in conjunction with TNF/IL-1β 
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were associated with severe COVID-19 in SARS-CoV-2 infected individuals 386 and 

Blanco-Melo et al. showed that high IFN-I expression in the lung was linked to increased 

morbidity early in the COVID-19 pandemic 387. Additionally, prolonged IFN signaling in 

murine models of respiratory infection has recently been shown to interfere with repair in 

lung epithelia, increasing disease severity and susceptibility to bacterial infections 121, 388 

and blocking IFN-I with anti-IFNAR2 antibodies has been shown to suppress inflammation 

in SARS-CoV-2-infected MISTRG6-hACE2 mice when combined with remdesivir 389.   

 

In the past year, progress has been made in characterizing the underlying mechanisms 

of IFN-I mediated pathogenesis in SARS-CoV-2 infection. For example, pro-inflammatory 

monocytes (CD14+ CD16+) that can be driven to expand by IFN-I have been shown by 

Junqueira et al. and Sefik et al. to phagocytose antibody-opsonized SARS-CoV-2 via 

FCγRs, undergo abortive infection, and induce pyroptosis that results in systemic 

inflammation 80, 389. Additionally,  Laurent et al. demonstrated that  pDCs infiltrate into the 

lungs of COVID-19 patients and  IFN-I produced by pDCs in response to SARS-CoV-2 

results in transcriptional and epigenetic changes in macrophages that prime them for 

hyperactivation in vitro; these findings  support a model  in which pDCs that infiltrate into 

the lungs directly sense SARS-CoV-2 and produce IFN-I that prime lung macrophages to 

produce pro-inflammatory cytokines 390. 

 

Further work also has demonstrated the association of multiple ISGs with increased 

SARS-CoV-2 infection. Specifically, interferon-induced transmembrane proteins (IFITM 

1-3) have been shown to be commandeered by SARS-CoV-2 to increase efficiency of 
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viral infection 391, the IFN-I-inducible receptor sialic acid-binding Ig-like lectin 1 (Siglec-

1/CD169) can function as an attachment receptor and enhances ACE2-mediated 

infection and induction of trans-infection 78, and aberrant cGAS-STING activation has not 

only been found in the severely damaged lungs of COVID-19 patients post-mortem but 

has also been detected in macrophages surrounding damaged epithelial cells in COVID-

19 skin lesions 90.  

 

Several ongoing and recently completed clinical trials administering IFN-I have shown 

little to no positive effects of therapy during acute infection, despite treatment with IFN 

being highly efficient against SARS-CoV-2 in vitro 141, 392. No beneficial effects were 

observed with either IFNβ-1a or combination IFNβ-1a and remdesivir treatment in 

hospitalized COVID-19 patients in the WHO Solidarity Trial and Adaptive COVID-19 

Treatment Trial (ACTT-3) respectively. In fact, combination IFNβ-1a and remdesivir 

resulted in worse outcomes and respiratory status in ACTT-3 patients who required high-

flow oxygen at baseline when compared to treatment with remdesivir alone 305. Pegylated 

IFN-α2b has shown some promise in moderate COVID-19 patients, with a phase 3 

randomized open label study showing that patients that received pegylated IFN-α2b 

experienced a faster time to viral clearance 309. Recently, there has been renewed interest 

in pursuing IFN-λ as a COVID-19 therapeutic following completion of the Phase 3 

TOGETHER clinical trial which demonstrated that early administration of pegylated IFN-

λ resulted in a 51% risk reduction of COVID-19-related hospitalizations or emergency 

room visits in predominantly vaccinated individuals at high risk of developing severe 

COVID-19 315.  
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Given the discordant effects of IFN treatment observed in the aforementioned trials and 

the contradictory findings of IFN-I having a protective or detrimental role in COVID-19, it 

is critical that further research on the mechanisms of IFN-I in regulating SARS-CoV-2 

infection is conducted.  

 

Non-human primate (NHP) models, specifically rhesus macaques (RMs), have been used 

extensively to study pathogenesis and evaluate potential vaccine and antiviral candidates 

for numerous viral diseases, including HIV and, more recently, SARS-CoV-2 173, 174, 393, 

394. RMs infected with SARS-CoV-2 develop mild to moderate disease, mimic patterns of 

viral shedding, and, in similar fashion to humans, rarely progress to severe disease 173, 

174, 393, 394. Multiple previous studies 173, 174, 393, 394 have shown that RMs generate a rapid 

and robust IFN-I response following SARS-CoV-2 infection, with numerous ISGs 

upregulated as early as 1 day post-infection (dpi) in both peripheral blood mononuclear 

cells (PBMCs) and bronchiolar lavage (BAL).  

 

To better understand how downregulating this early IFN-I response in SARS-CoV-2-

infection may impact viral replication and pathogenesis in the RM model, we used  a 

mutated IFNα2, here named IFN-I modulator (IFNmod), which binds with high affinity to 

IFNAR2, but markedly lower affinity to IFNAR1, with a net effect of reducing the binding 

and signaling of all forms of endogenous IFN-I 395-397, and, as such, previously referred to 

as IFN-I competitive antagonist (IFN-1ant). IFNmod has been shown to induce low-level 

stimulation of robust antiviral ISGs without induction of tunable inflammatory genes when 
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used in vitro in cancer cell lines 395, 396. Importantly, IFNmod has previously been 

evaluated in vivo in RMs where it was shown to possess a short plasma half-life, allowing 

us to modulate IFN-I signaling specifically in the early stages of infection, and has been 

shown to limit the expression of both antiviral and pro-inflammatory ISGs in Simian 

Immunodeficiency Virus (SIV)-infected RMs 368, 397. Using an intervention targeting both 

IFN-α and IFN-β pathways in the moderate disease model of SARS-CoV-2 infected RMs, 

our data support a model where early IFN-I restrains viral replication, while uncontrolled 

IFN-I-signaling contributes to SARS-CoV-2 inflammation and pathogenesis. 

 

RESULTS 

IFNmod treatment in uninfected RMs modestly upregulated antiviral ISGs without 

impacting inflammatory genes 

We administered IFNmod to four uninfected RMs at a dose of 1 mg/day, intramuscularly, 

for 4 consecutive days (Fig. 3.1a, Table 3.S1) to determine its impact on ISGs in the 

absence of SARS-CoV-2 infection. Transcript levels of a panel of 16 ISGs previously 

observed to be induced by SARS-CoV-2 infection 173 in RMs were quantified by RNAseq 

at pre- and post-treatment timepoints. Similar to what was previously observed in cancer 

cells treated with IFNmod 395, 396, antiviral ISGs were modestly upregulated following 

IFNmod administration in both the BAL and PBMCs of uninfected RMs (Fig. 3.1b-c) 

whereas IL-6 signaling and inflammatory genes remained unchanged (Fig. 3.1d-e). 

Previously, Forerro et al. identified that proinflammatory gene expression triggered by 

Type I IFNs was largely dependent on the selective induction of the transcription factor 

IFN regulatory factor 1 (IRF1) 398. In concordance with the unchanged inflammatory gene 
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expression, we did not observe any induction of IRF1 in BAL or PBMCs of uninfected, 

IFNmod-treated RMs (Fig. 3.1f). Additionally, IFNmod treatment in uninfected animals 

did not impact BAL cytokines and chemokines associated with inflammation and 

recruitment of inflammatory cells including IL-1β, IL-6, IL-8, IL-12p40, TNFβ, IFNγ, MIP1α, 

and MIP1β (Fig. 3.1g).  

 

Administration of IFNmod in Calu-3 human lung cells modulated IFN-I responses 

and inhibited SARS-CoV-2 replication to levels comparable to Nirmatrelvir 

Consistent with the data in uninfected RMs, IFNmod treatment alone in uninfected Calu-

3 human lung cancer cells induced low-level expression of antiviral ISGs OAS1 and Mx1, 

with very minimal changes in the pro-inflammatory chemokine CXCL10 (Fig. 3.2a-c).  In 

the presence of IFNα stimulation, IFNmod inhibited expression of both antiviral ISGs 

(OAS1, Mx1) and the pro-inflammatory CXCL10 (Fig. 3.2b-c). Taken together, these data 

indicate that IFNmod stimulates a weak antiviral IFN-I response in the absence of 

endogenous IFNα, but potently inhibits both antiviral and pro-inflammatory IFN-I 

pathways induced in response to addition of IFNα.  

 

Given the ability of IFNmod to upregulate antiviral genes in both uninfected RMs and 

Calu-3 cells, its capacity to limit SARS-CoV-2 replication was explored (Fig. 3.2d).  

IFNmod was shown to be just as effective as IFN� and the antiviral Nirmatrelvir 

(packaged with Ritonavir and sold under the brand name Paxlovid) in inhibiting SARS-

CoV-2 infection when treatment was initiated prior to infection (Fig. 3.2e-f). With this 

reduced viremia, the expression of OAS1 relative to untreated SARS-CoV-2-infected 
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Calu-3 cells was reduced at all tested concentrations of IFNmod and Nirmatrelvir, but not 

with the highest tested dose of IFNα (Fig. 3.2g).  As expected, since viral RNA load was 

the key driver of inflammation in this in vitro model, we observed a potent reduction in 

CXCL10 mRNA with all three treatments (Fig. 3.2h). We also performed the same 

experiment with interventions started post-infection (Fig. 3.S1a); although all 3 treatments 

potently reduced viral loads, in this setting Nirmatrelvir and IFN� were slightly more 

potent than IFNmod at the lowest tested concentrations (Fig. 3.S1b-c). At the highest 

tested doses, there was a trend towards higher CXCL10 mRNA levels with IFN� 

treatment vs. IFNmod treatment (Fig. 3.S1d), despite similar viral loads, suggesting that 

uncontrolled IFN-I-signaling contributes to SARS-CoV-2 inflammation. 

 

IFNmod administration decreases SARS-CoV-2 loads in airways of RMs 

Since IFNmod treatment resulted in inhibition of SARS-CoV-2 replication in vitro and low-

level stimulation of antiviral genes without induction of inflammatory genes in uninfected 

RMs, we then tested the hypothesis that treatment with IFNmod may inhibit viral 

replication in SARS-CoV-2-infected RMs while limiting systemic inflammation within the 

host. 18 adult RMs were age and sex matched between two experimental arms to receive 

4 doses of IFNmod (intramuscularly, 1 mg/day; IFNmod-treated group) mimicking the 4-

day dosing regimen of the uninfected RMs, or to remain untreated (untreated group). To 

determine how downregulating early IFN-I pathways affects SARS-CoV-2 replication and 

pathogenesis in vivo, animals assigned to the IFNmod-treated group initiated treatment 

at one day prior to infection (d-1) to allow for IFNmod distribution, binding to the IFNR, 

and early blocking of endogenous IFN-I and continued daily treatment until 2 days post-
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infection (dpi) (Fig. 3.3a). On day 0, all 18 RMs were inoculated with a total of 1.1x106 

PFU SARS-CoV-2 (2019-nCoV/USA-WA1/2020), administered by intranasal (IN) and 

intratracheal (IT) routes. 3 IFNmod and 3 untreated RMs were euthanized at 2, 4, and 7 

dpi each, respectively. Animals were scored according to the Coronavirus Vaccine and 

Treatment Evaluation Network (CoVTEN) standard clinical assessment at cageside 

(Table 3.S2) and anesthetic (Table S3) accesses. Additionally, vitals including rectal 

temperature, respiratory rate, heart rate, and SpO2 were recorded in anesthetized 

animals. Following infection, untreated RMs experienced increases in rectal temperature 

(-7 dpi vs.1 dpi, p=0.0117; -7 dpi vs. 2 dpi, p=0.0742), heart rate (-7 dpi vs. 2 dpi, 

p=0.0391), and respiratory rates (-7 dpi vs. 2 dpi, p=0.0938) (Fig. 3.S2a). IFNmod-treated 

RMs experienced higher SpO2 and heart rates than untreated RMs at 2dpi and 4dpi 

respectively. However, no differences in fold change (FC) of SpO2 or heart rate from pre-

infection baseline (-7dpi) were observed between treatment groups (Fig. 3.S2b). Neither 

treatment group experienced weight changes (Fig. 3.S2c) and no differences were 

observed in cageside, anesthetic, and total clinical scores between untreated and 

IFNmod-treated RMs (Fig. 3.S2d). Importantly, IFNmod was well tolerated without 

evidence of treatment induced clinical-pathology, nephrotoxicity, or hepatotoxicity when 

compared to untreated SARS-CoV-2 infected RMs. 

 

Viral RNA levels were measured using genomic (gRNA) and sub-genomic (sgRNA) qRT-

PCR as previously described 173, 399, 400. During the treatment phase of the study, up to 2 

dpi, a drastic reduction in the levels of gRNA N (Fig. 3.3b-e) and particularly sgRNA E 

(Fig. 3.3f-i) was observed between untreated and IFNmod-treated RMs in the BAL (Fig. 



   

 111 

3.3f), nasal swabs (Fig. 3.3g), and throat swabs (Fig. 3.3h) . Of note, this corresponds to 

IFNmod treatment resulting in a >3000-fold reduction in median sgRNA E in the BAL at 2 

dpi (Fig. 3.3f). Additionally, in the nasal swabs at 1 dpi, there was a >1500-fold reduction 

in median sgRNA E copies in IFNmod-treated RMs (Fig. 3.3g). The sgRNA E levels 

detected at 1 and 2 dpi in the throat showed similar differences, 12-fold and 570-fold less 

median sgRNA E detected in IFNmod-treated RMs compared to untreated RMs at these 

respective timepoints (Fig. 3.3h). Once treatment was stopped, viral loads remained 

stable in the treated group up until 7 dpi, both for the genomic and the sub-genomic RNA. 

As consistently shown in previous studies 173, 174, 393, 394, viral loads decreased in 

untreated, SARS-CoV-2-infected RMs shortly after the early peak, with swab and BAL 

viral loads no longer being statistically different between IFNmod-treated and untreated 

RMs starting from 4 dpi. BAL and nasal swab sgRNA E viral loads were reproduced by 

an independent laboratory (Fig. 3.S3a) and further confirmed by sgRNA targeting the N 

gene (Fig. 3.S3b).  

 

To assess the impact of IFNmod on viral replication within lung tissue, sections of cranial 

(upper) and caudal (lower) lung lobes as well as hilar lymph nodes were collected from 

all animals at necropsy, with 3 RMs from each treatment group euthanized at 2, 4, and 7 

dpi. Notably, IFNmod-treated RMs necropsied during the treatment phase at 2 dpi had 

lower viral gRNA (Fig. 3.3e) and sgRNA (Fig. 3.3i) levels in their upper and lower lungs 

as well as hilar LNs than untreated RMs. Although the small sample size at 2 dpi limited 

statistical power, this difference was substantial, with a 1500-fold and 500-fold reduction 

in mean gRNA and 250-fold and 300-fold reduction in mean sgRNA E observed in the 
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upper and lower lung segments respectively of untreated vs. IFNmod-treated RMs. 

Additionally, when lung viral loads from all three necropsy timepoints were combined, 

gRNA N levels were found to be lower in the upper lungs of IFNmod treated RMs as 

compared to untreated RMs (Fig. 3.S3c-d). 

 

In summation, and consistent with the in vitro data in Calu-3 cells, in vivo treatment with 

IFNmod resulted in a highly reproducible (1-3 log10) decrease in viremia in the airways of 

SARS-CoV-2-infected RMs. 

 

IFNmod treatment reduces lung pathology and soluble markers of inflammation in 

SARS-CoV-2 infected RMs 

Consistent with the reduction in SARS-CoV-2 gRNA and sgRNA in the BAL, cranial 

(upper) lungs, and caudal (lower) lungs of RMs treated with IFNmod at 2 dpi, we observed 

substantially lower expression of SARS-CoV-2 vRNA in the lungs of treated RMs as 

compared to untreated RMs at this timepoint by immunohistochemistry (Fig. 3.S4a). 

Furthermore, SARS-CoV-2 vRNA staining was more diffuse in the untreated RMs, 

whereas IFNmod-treated RMs had small foci of infected cells. Mx1 was also found to be 

highly localized to regions of active infection in the lungs of untreated animals at 2 dpi; as 

expected under normal physiological conditions, Mx1 was more diffuse throughout the 

lung of IFNmod-treated RMs, regardless of the presence of virus (Fig. 3.S4a).  

 

Pathological analysis of the lungs was performed as previously described 173 by two 

pathologists, independently and blinded to the treatment arms using the following scoring 
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criteria: type II pneumocyte hyperplasia, alveolar septal thickening, fibrosis, perivascular 

cuffing, and peribronchiolar hyperplasia. In both untreated and IFNmod-treated RMs 

necropsied at 2 dpi, no lung pathology was observed according to our scoring criteria. 

However, at 4 and 7 dpi, lung pathology was quantifiable, with untreated RMs having 

higher alveolar septal thickening and perivascular cuffing as compared to IFNmod-treated 

RMs (Fig. 3.4a, Fig. 3.S4b). The total lung pathology score (considering severity and 

number of effected lobes) and average lung pathology score per lobe (measuring the 

average severity of abnormalities per lobe, independently of how many lobes had been 

affected) were lower in the IFNmod-treated group as compared to untreated RMs at 4 

and 7 dpi (Fig. 3.4b-c, Fig. 3.S4b).  

 

A key feature of severe COVID-19 is the induction of multiple mediators of inflammation 

and chemotaxis of inflammatory cells to sites of infection 173.  Accordingly, multiple 

chemokines and cytokines were shown to be highly upregulated in the BAL of untreated 

RMs at 2 dpi as measured by FC to baseline (-7 dpi); remarkably, at 2 dpi the same 

cytokines and chemokines remained stable at basal levels in IFNmod-treated RMs (Fig. 

3.4d-k). More specifically, we observed differences in IL-1β, IL-6, and MCP4 and trending 

differences in TNFβ, IFN�, and Eotaxin 3 between untreated and IFNmod-treated RMs. 

 

Altogether, IFNmod treatment potently reduced immune mediated pathogenesis in the 

lung, as well as the levels of multiple cytokines and chemokines in BAL that orchestrate 

the recruitment of inflammatory cells to sites of infection. 
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IFNmod-treated RMs display decreased expansion of inflammatory monocytes and 

rapid downregulation of Siglec-1 expression 

Several studies have reported an expansion of circulating inflammatory monocytes in 

blood of mild/moderate COVID-19 patients 401-403. High-dimensional flow cytometry was 

performed on whole blood and BAL of RMs pre- and post-infection to quantify the 

immunological effects of IFNmod on the frequencies of classical (CD14+CD16-), non-

classical (CD14-CD16+), and inflammatory (CD14+CD16+) monocytes as previously 

described 173 (gating strategy depicted in Fig. 3.S5a). Representative staining of 

monocyte subsets in untreated and IFNmod-treated animals at pre- and post-infection 

timepoints is shown in Fig. 3.5a. The frequency of CD14+CD16+ monocytes in blood 

increased from 11% to 31% of total monocytes from –7 dpi to 2 dpi in untreated RMs, but 

only from 14% to 18% in IFNmod-treated RMs (Fig. 3.5b-c). This difference between 

treatment groups was maintained at 4 dpi, where CD14+CD16+ monocytes accounted 

for 19% of total blood monocytes in untreated animals while only accounting for 10% of 

total blood monocytes in IFNmod-treated RMs (Fig. 3.5b-c). Therefore, treatment with 

IFNmod limited the expansion of inflammatory monocytes, thus reducing the potential for 

systemic and lower airway inflammation. Of note, at both 2 and 4 dpi, these differences 

were specific for blood, with no difference observed within the BAL.  

 

Siglec-1, an interferon responsive transmembrane protein present on antigen presenting 

cells, has been shown to function as an attachment receptor for SARS-CoV-2 through 

enhancement of ACE2-mediated infection and induction of trans-infection 78, 79, and 

upregulation of Siglec-1 on circulating human monocytes has been identified as an early 
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marker of SARS-CoV-2 infection and disease severity 404. There was a strong and rapid 

upregulation of Siglec-1 on classical and inflammatory monocytes following SARS-CoV-

2 infection in all untreated animals, with increases in the frequency of Siglec-1+CD14+ 

blood monocytes (as a percentage of total monocytes) from 0.4% to 70.6%  (Fig. 3.5d-

e), frequency of CD14+ blood monocytes expressing Siglec-1 from 0.5% to 91.7% 

between –7 dpi and 2 dpi (Fig. 3.5f), and mean fluorescence intensity (MFI) of Siglec-1 

on CD14+ blood monocytes from 1750 to 4050 (Fig. 3.5g). All 3 values remained elevated 

at 4 dpi as compared to -7 dpi. Expression of Siglec-1 was lower in the blood of IFNmod-

treated RMs when compared to untreated RMs both at 2 and 4 dpi. The reduced 

expression of Siglec-1, a well-established downstream molecule of interferon signaling, 

on blood monocytes in treated RMs is consistent with the observation that IFNmod 

attenuated antiviral and pro-inflammatory ISGs. Of note, no differences were observed in 

the expression of Siglec-1 in the smaller myeloid population in the BAL (Fig. 3.S5b-c). 

 

To rule out the possibility that IFNmod treatment negatively impacted SARS-CoV-2-

specific T cell and neutralizing antibody responses in SARS-CoV-2 infected RMs, we 

performed ex vivo stimulation of PBMCs with SARS-CoV-2 S peptide pools and NCAP 

followed by intracellular cytokine staining and serum SARS-CoV-2 pseudovirus 

neutralization assays at 7 dpi. No differences were observed in SARS-CoV-2-specific T 

cell or neutralizing antibody responses between treatment groups. Additionally, in line 

with previous studies 173, 405, we found that SARS-CoV-2-specific CD8 and CD4 T cell 

responses were weak (Fig. 3.S6a-e) and titers of neutralizing antibodies (Fig. 3.S6f) were 

undetectable at 7 dpi. 
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IFNmod treatment attenuates inflammation and inflammasome activation in the 

lower airway following SARS-CoV-2 infection  

To characterize the pathways that were impacted by IFNmod treatment in vivo, bulk RNA-

Seq profiling of BAL, PBMCs, and whole blood was performed at multiple timepoints 

following SARS-CoV-2 infection. SARS-CoV-2 infection induced a robust upregulation of 

ISG expression in the BAL of untreated animals at 2 dpi. Notably, the transcript levels of 

ISGs in BAL were substantially attenuated in RMs treated with IFNmod relative to the 

levels in untreated animals at both 2 and 4 dpi (Fig. 3.6a, Data File S1), with 15/16 ISGs 

being downregulated in IFNmod-treated RMs relative to untreated RMs at 2 dpi (Fig. 

3.6b, Fig. 3.S7a, Data File S1). By 7 dpi, ISG expression levels in the BAL of IFNmod-

treated animals had returned to basal levels, whereas in untreated RMs, the ISGs in BAL 

remained elevated (Fig. 3.6a, Data File S1). 

 

To assess the impact of IFNmod treatment on inflammation in BAL, the post-infection 

enrichment of several gene sets in inflammatory pathways, previously associated with 

severe SARS-CoV-2 infection, was examined at 2 dpi. There was a noticeable loss in 

enrichment in IL6 JAK/STAT (Fig. 3.6c) and TNF (Fig. 3.6d) pathways in IFNmod-treated 

RMs as compared to untreated RMs. This was even more pronounced for genes 

associated with neutrophil degranulation (Fig. 3.6e), where IFNmod-treated RMs had no 

enrichment between 2 dpi and baseline, but untreated RMs were enriched. Examination 

of the leading-edge genes in these pathways (Fig. 3.6f-h, Data File S1), and differentially 

expressed genes (DEGS) identified by DESeq2 analysis (Fig. 3.6i-l, Data File S1), 
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displayed a stark divergence in the levels of several inflammatory mediators between the 

IFNmod and untreated groups. Notably, upregulation of IL6 (Fig. 3.6f), TNFA-inducing 

protein 6 (TNFAIP6), PTX3/TNFAIP5, TNF (Fig. 3.6g, i), IL10, IFNG, and IL7 (Fig. 3.6i) 

was evident in BAL samples in untreated animals but largely absent in IFNmod-treated 

animals (Fig. 3.6f-g, i). A similar pattern of expression was observed for genes encoding 

components of azurophilic granules (AZU1/azurocidin 1, RAB44) (Fig. 3.6h). In untreated 

animals, several chemokines involved in migration and recruitment of monocytes and 

macrophages (CCL2, CCL3, CCL4L1, CCL5, CCL7, CCL8, CCL22), neutrophils 

(CXCL3), and activated T cells (CXCL9, CXCL10, and CXCL11) were elevated after 

infection; however, this expression was abrogated in the IFNmod-treated group (Fig.6j 

and S7b). In agreement with these observed effects on inflammatory mediators, we found 

that untreated RMs experienced a high induction of IRF1 in BAL at 2 dpi and 4 dpi 

compared to pre-infection baseline; however, there was no change in IRF1 following 

SARS-CoV-2-infection in the BAL of IFNmod-treated RMs (Fig. 3.S7b). Thus, in vivo 

treatment with IFNmod was found to not trigger IRF1 expression in uninfected RMs (Fig. 

3.1f), and did not block IFR1 expression in the context of SARS-CoV-2 infection. Of note, 

while some of these differences in BAL gene expression of inflammatory mediators 

between treatment groups were maintained at 4 and/or 7 dpi, no differences were 

observed in protein levels of BAL inflammatory cytokines and chemokines measured via 

Mesoscale following the cessation of IFNmod treatment (Fig. 3.4d-k) This discrepancy 

between gene expression and protein levels of inflammatory mediators may result from 

post-transcriptional modification, a higher degree of sensitivity for the transcriptomic 

measurements as compared to the mesoscale, a higher consumption of those cytokines, 
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thus masking their increase in BAL fluid while increasing the signaling, or a combination 

of these factors. 

 

Consistent with reports by Laurent et al. of patients with mild COVID-19 390, we observed 

an increase in the abundance of pDCs (defined by CLEC4A/BDCA2 expression) in the 

BAL of untreated RMs at 2 dpi relative to pre-infection baseline (-7 dpi) by bulk RNA-seq 

(Fig. 3.S7c). Remarkably, IFNmod-treated RMs experienced a lower level of 

CLEC4C/BDCA2 and IFNαs in the BAL at 2 dpi as compared to untreated RMs, indicating 

that IFNmod reduced the recruitment of pDCs to the lower respiratory tract (Fig. 3.S7d). 

Several genes regulating T cell activation and co-stimulation (CD38, CD69, CD274/PDL1, 

CD80, CD86, CD40) were upregulated after SARS-CoV-2 infection in untreated animals 

but minimally changed in IFNmod-treated RMs (Fig. 3.6k). Lastly, consistent with prior 

reports in human and mice 406-408, the expression of several S100 acute phase proteins 

(S100A8, S100A9, S100A12) were elevated in BAL samples from untreated animals but 

were absent in IFNmod-treated RMs. Collectively, these data demonstrate that IFNmod 

treatment induces a near complete loss of inflammatory activation and a reduction in 

pathways associated with recruitment and activation of myeloid cells, neutrophils, and 

pDCs in the lower airway. 

 

Previously, the NLRP3 inflammasome pathway was shown to be the main driver of IFN-I 

induced pathology in SARS-CoV-2-infected hACE2 mice and inhibition of NLRP3 was 

observed to attenuate lung tissue pathology 389. To investigate if NLRP3 signaling was 

induced by SARS-CoV-2 infection in RMs, we characterized the enrichment of genes 



   

 119 

associated with the two phases of NLRP3 signaling: i) priming, in which cytokines and 

PRRs can upregulate inflammasome components  such as NLPR3, CASP1, pro-IL1b and 

ii) activation, which consists of IL1� and IL18 release and pyroptosis 409. Canonical genes 

in the NLRP3 inflammasome pathway including IL1B, IL1RN/IL1RA, GSDMD, and 

NLRP3 were upregulated at 2 dpi in BAL samples from untreated animals (Fig. 3.6l). 

Additionally, AIM2 was observed to be upregulated in untreated RM BAL at 2 dpi, 

consistent with previous findings of AIM2 inflammasome activation in the monocytes of 

patients with COVID-19 80. In IFNmod-treated RMs, however, there was no discernible 

upregulation from baseline of these inflammasome-associated factors (Fig. 3.6l).  

 

Similar to what was described in BAL, IFNmod-treated animals experienced reduced 

expression of ISGs, inflammatory genes, and innate immune genes in PBMCs and whole 

blood relative to untreated animals following SARS-CoV-2 infection (Fig. 3.S8a-f). Thus, 

IFNmod treatment in RMs was not only able to potently attenuate inflammation and 

inflammasome activation in the lower airway, but also reduce inflammation systemically 

during SARS-CoV-2 infection. 

  

IFNmod treatment inhibits the accumulation and activation of CD163+MRC1- 

inflammatory macrophages in the lower airway during SARS-CoV-2 infection 

To survey the impact of IFNmod treatment on the landscape of immune cells in the lower 

airway, droplet-based sc-RNA-Seq was performed on cells obtained from BAL pre- and 

post- SARS-CoV-2 infection in both IFNmod and untreated animals. After quality filtering, 

62,081 cells were clustered using Seurat, followed by more refined annotation with a 
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curated set of marker genes (Fig. 3.S9a-c). Consistent with prior studies 100, 173, the 

majority of cells were of myeloid lineage (macrophages and monocytes), with a minority 

of several other immune phenotypes and epithelial cells observed (Fig. 3.7a, Fig. 3.S9d). 

The expression of the 17 ISG panel utilized above was examined in these subtypes 

(except for neutrophils) and showed that ISGs peaked at 2 dpi in untreated animals in all 

subsets, including pDCs (Fig. 3.S9e-g) which have previously been shown to possess a 

strong IFN-I signature in the BAL of mild COVID-19 patients 390. Remarkably, IFNmod 

treatment diminished expression of ISGs in all of the cell subsets identified in the BAL of 

SARS-CoV-2-infected RMs (Fig. 3.S9e-g). Thus, IFNmod was shown to be highly 

effective at reducing the IFN-I response in all cells identified in the lower airway.  

 

In recent work, we used sc-RNA-Seq to identify two myeloid population of the BAL of 

RMs, CD163+MRC1+TREM2+ and CD163+MRC1-, that infiltrated into the lower airway 

and produced inflammatory cytokines during acute SARS-CoV2 infection 410.  We also 

showed that blocking the recruitment of these subsets with a JAK/STAT inhibitor 

abrogated inflammatory signaling 173, 410. Here, using a reference comprising of the 

macrophage/monocyte subsets from lungs of three healthy RMs as described previously 

410, 411, we divided the clusters of Macrophage/Monocyte cells in the lower airways of RMs 

into four subsets: CD163+MRC1+, CD163+MRC1+TREM2+, CD163+MRC1-, and CD16+ 

monocytes (Fig. 3.7b, Fig. 3.S10a-b). Of note, the CD16+ monocyte subset was omitted 

from further functional analyses due to its very low frequency. The percentage of 

CD163+MRC1+ macrophages in the BAL of untreated RMs decreased following SARS-

CoV-2 infection due to the infiltration of CD163+MRC1- and CD163+MRC1+TREM2+ cells 
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at 2 dpi (Fig. 3.7c, Fig. 3.S10c). Conversely, the percentage of CD163+MRC1+ 

macrophages in the BAL of IFNmod-treated RMs remained relatively stable, with 

CD163+MRC1+ macrophages at 2 dpi being higher in IFNmod-treated vs. untreated RMs. 

Additionally, the CD163+MRC1- population in BAL was shown to have expanded from 

pre-infection baseline to 2 dpi in untreated animals as compared to IFNmod-treated 

animals (Fig. 3.7c, Fig. 3.S10c). At 2 dpi, viral reads were detected (percentage of viral 

reads > 0) in macrophages/monocytes in the BAL of untreated RM at a rate of 9.8% 

(1030/9451 cells, median of individual animals 5.8%) (Fig. 3.7d, Fig. 3.S10d) consistent 

with studies in human COVID-19 patients where an average of 7.8% of lung macrophages 

were reported to be SARS-CoV-2 positive 412.  IFNmod decreased the frequency of 

macrophages/monocytes detected in the BAL of treated animals, with a rate of only 

0.01% (1/7544) macrophages/monocytes having detectable viral reads (Fig. 3.7d, Fig. 

3.S10d). Among the macrophage subsets in the untreated group, the CD163+MRC1- 

subset was primarily associated with viral reads with a median of 11% of cells with 

detectable viral reads compared to 2.2% of CD163+MRC1+ and 2.4% of 

CD163+MRC1+TREM2+ (Fig. 3.7d, Fig. 3.S10e). The number of cells with detectable 

viral reads gradually decreased at 4 dpi and was almost absent by 7 dpi (Fig. 3.S10e). 

 

Peak ISG levels in CD163+MRC1+, CD163+MRC1+TREM2+, and CD163+MRC1- 

macrophage subsets in BAL were observed at 2 dpi, with the highest and most sustained 

ISG expression occurring in the CD163+MRC1- population (Fig. 3.7e, Data File S3). In 

all three macrophage subsets in the BAL, IFNmod treatment effectively suppressed ISG 

expression (Fig. 3.7e). The CD163+MRC1- were the predominant subset producing 
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inflammatory cytokines and chemokines at 2 dpi and other post-infection timepoints in 

both experimental groups, with IFNmod reducing the transcript levels of both (Fig. 3.7f-

g, Data File S3).  

 

Since a series of studies in humans and a humanized mouse model linked lower airway 

inflammation during SARS-CoV-2 infection to inflammasome activation specifically within 

infiltrating monocytes and resident macrophages 80, 389, we went on to characterize the 

expression of canonical inflammasome genes within each myeloid subset in the lower 

airway. We observed that the expression of AIM2, CASP1, GSDMD, IL1B, IL1RN and 

IL27 increased from -7 dpi to 2 dpi in the CD163+MRC1- subset and was maintained until 

7 dpi (Fig. 3.7h, Data File S3). Several inflammasome-associated genes were also 

induced at 2 dpi in CD163+MRC1+ and CD163+MRC1+TREM2+ macrophages, albeit at 

lower cellular percentages overall compared to the CD163+MRC1- population (Fig. 3.7h).  

Across all three myeloid subsets, IFNmod consistently dampened the expression of 

inflammasome mediators, with the effect being most apparent at 2 dpi (Fig. 3.7h).  

 

Collectively, these data indicate a profound effect of IFNmod treatment in inhibiting the 

accumulation of CD163+MRC1- macrophages, the most prevalent subset undergoing 

inflammasome activation and contributing to inflammation, in the lower airway during 

SARS-CoV-2 infection. 

 

IFNmod treatment dampens inflammasome activation, bystander stress response, 

and cell death pathways in lung during acute SARS-CoV-2 infection 
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To further characterize the effect of IFNmod within the lower airway, sc-RNA-Seq was 

conducted on cell suspensions prepared from caudal (lower) lung lobe sections obtained 

at necropsy. Based on the expression of canonical markers, these cells were classified 

into four major groups – Epithelial, Lymphoid, Myeloid and “Other”- stromal and 

endothelial (Fig. 3.8a), which were then each clustered separately. The annotations were 

further fine-tuned based on the expression of marker genes 413 (Fig. 3.S11a-d), yielding 

42,699 cells with balanced representation of varying phenotypes across the lung (Fig. 

3.8a and Fig. 3.S11a-d).  Interestingly, the Myeloid cluster in the lung contained an 

additional subset beyond the four phenotypes described in the BAL that was closely 

related to the CD163+MRC1+ cells and was defined by high expression of SIGLEC1 (Fig. 

3.8a and Fig. 3.S11c).   

 

Analyses at the pathway level at 2 dpi demonstrated a profound impact of IFNmod 

treatment in abrogating IFN-I signaling, as observed by an absence of enrichment of 

several IFN-related gene sets across all cell subsets in the lungs of IFNmod-treated RMs, 

despite being robustly overrepresented in untreated animals (Fig. 3.8b, Fig. 3.S12a, Data 

FIle S4). At the gene level, analyses of individual cell subsets, including AT1 and AT2 

cells (Epithelial cluster), CD163+MRC1- cells (Myeloid cluster), T cells, NK cells, and B 

cells (in the Lymphoid cluster) showed between 12 to 17 ISGs out of the panel of 17 ISGs 

being lower in IFNmod-treated RMs as compared to untreated RMs at 2 dpi (Fig. 3.8c, 

Fig. 3.S12b, Data FIle S5). 
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At 7 dpi, five days after cessation of IFNmod treatment, expression of ISGs had largely 

normalized and was equivalent between the untreated and IFNmod groups (Fig. 3.S12c, 

Data FIle S4). Taken together, these data demonstrate that IFNmod treatment was able 

to effectively suppress the IFN-I system across a broad distribution of pulmonary cellular 

subsets during acute SARS-CoV-2 infection, including epithelium involved in gas 

exchange, immune cells in the interstitium, and cells in the lung vasculature. 

 

Given the attenuated expression of genes related to inflammasome signaling in the BAL 

of IFNmod-treated RMs, we investigated if a similar dampening effect occurred in the 

lungs of treated animals. In untreated animals, we observed an enrichment of genes 

within the IL1 signaling cascade at 2 dpi relative to pre-infection baseline across several 

myeloid, lymphocyte, and endothelial subsets. Conversely, in IFNmod-treated RMs, there 

was no enrichment of the IL1 signaling cascade gene set at 2 dpi (Fig. 3.8b). Additionally, 

there was an enrichment of gene-sets representing necrotic cell-death pathways 

observed in untreated RMs, but not IFNmod-treated RMs (Fig. 3.8b). Since infection-

induced pyroptosis is a process of inflammation-related necrosis that has been shown to 

largely occur within myeloid cells 414, we next delineated the contribution of individual 

subsets to the inflammatory state in the lower airway by visualizing DEGs across subsets 

(Fig. 3.8d-f, Fig. 3.S12d-h, Data FIle S5). Notably, expression of components of the 

inflammasome (Fig. 3.8d and Fig. 3.S12e) and classical inflammatory mediators (Fig. 

3.8e and Fig. 3.S12f) were restricted to the myeloid subsets, suggesting that 

inflammasome priming and activation in the lung during SARS-CoV-2 infection is largely 

constrained to monocyte/macrophage populations. Consistent with this model, 
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expression of GSDMD, a central regulator of NLRP3-regulated pyroptosis, was highest 

in monocyte/macrophage populations (Fig. 3.8d). Importantly, levels of these 

inflammasome components were all potently reduced by IFNmod treatment (Fig. 3.8d). 

 

In untreated RMs, widespread induction of genes from the programmed cell death (Fig. 

3.8f and Fig. 3.S12g) and response to heat stress (Fig. 3.S12d, h) pathways were 

observed across the landscape of lung cellular subsets, particularly in the Myeloid and 

Lymphoid classes of phenotypes. In contrast, within the IFNmod-treated group, 

expression of genes related to programmed cell death and response to heat stress was 

strikingly attenuated; this effect was particularly apparent in capillary and capillary 

aerocytes (Fig. 3.8f, Fig. 3.S12d, g-h).  

 

These data are consistent with a model in which, during acute SARS-CoV-2 infection, 

activated monocytes and macrophages cells undergo inflammasome-mediated 

pyroptosis, which provides secondary stress signals to the non-immune cell classes of 

the lung. Importantly, IFNmod treatment was also able to abolish induction of these stress 

and cell death related pathways in these pulmonary subsets. 

 

 

DISCUSSION 

The ways in which IFN-I regulates SARS-CoV-2 replication and disease progression are 

incompletely understood. Here, we employed an integrated systems approach in a 

nonhuman primate model of mild to moderate SARS-CoV-2 infection to dissect the roles 
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of antiviral and pro-inflammatory IFN-I responses in early SARS-CoV-2 infection using a 

mutated IFNα2 (IFN-I modulator; IFNmod). Notably, this protein was previously 

demonstrated to have a high affinity to IFNAR2 and markedly lower affinity to IFNAR1, 

resulting in receptor occupancy, and blocking binding and signaling of all forms of 

endogenous IFN-I produced in response to viral infection 395-397. While SARS-CoV-2-

infection in untreated RMs was shown to induce a strong IFN-I response with concomitant 

inflammation and lung damage, IFNmod remarkably and potently reduced viral loads in 

the upper and lower airways, inflammation, and lung pathology. Therefore, using an in 

vivo intervention targeting IFN-I to understand its role in SARS-CoV-2 infection, our study 

shows that early IFN-I restrains SARS-CoV-2 replication and an aberrant IFN-I response 

contributes to SARS-CoV-2 pathogenesis. Furthermore, it also demonstrates a beneficial 

role of IFNmod in limiting both viral replication and SARS-CoV-2 induced inflammation in 

NHP when initiated prior to infection.  

 

Initially, we evaluated the effects of administering IFNmod in uninfected RMs and found 

that IFNmod resulted in a modest and transient stimulation of antiviral ISGs, while genes 

associated with systemic inflammation remained unchanged. This is consistent with 

previous in vitro work on cancer cell lines in which low amounts of IFN-I induced the 

transcription of robust antiviral genes, without the activation of tunable inflammatory 

genes which often require high concentrations and high affinity IFN-I (35). Next, we 

showed that IFNmod was capable of substantially reducing SARS-CoV-2 viral loads in 

vitro in Calu-3 cells to levels equivalent to the antiviral Nirmatrelvir (packaged with 

ritonavir and sold as Paxlovid), particularly when administered pre-infection. These 
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results raised the intriguing hypothesis that regulating IFN-I signaling using IFNmod in the 

early stages of SARS-CoV-2 infection could balance low levels of antiviral genes while 

blocking the expression of pro-inflammatory genes. Remarkably, the administration of 

IFNmod prior to and during the first two days of SARS-CoV-2 infection in RMs was found 

to result in a reduction in viral loads in the BAL (>3 log reduction), nasal, and throat swabs. 

Additionally, IFNmod reduced viral loads in the upper and lower lungs as well as hilar LNs 

of RMs during the treatment period and limited lung pathology as well as the production 

of numerous pro-inflammatory cytokines and chemokines within the lower airways. 

 

We show that IFNmod administration prior to SARS-CoV-2 infection in RMs results in an 

upregulation of antiviral ISGs, while potently dampening endogenous IFN-I signaling and 

limiting the immunopathology that has been linked to IFN-I following SARS-CoV-2 

infection. Although it is likely that the reduction in inflammatory responses that we 

observed in IFNmod-treated RMs may be partially attributed to lower viral loads in these 

animals, our data support a direct action of IFNmod in targeting inflammation independent 

of reducing viral load. This is evidenced by IFNmod treatment in the presence of IFNα 

(and absence of SARS-CoV-2 infection) potently inhibiting pro-inflammatory CXCL10 in 

Calu-3 human lung cancer cells and IFNmod-treated RMs still experiencing lower levels 

of inflammation at 4 and 7 dpi despite viral loads no longer being different between 

treatment groups. Consistent with the observation that IFNmod achieved a “goldilocks” 

effect of upregulating antiviral ISGs while reducing expression of inflammatory mediators, 

we observed that IFNmod blocked the expression of the transcription factor IFR1, which 

has previously been shown to be a key regulator of proinflammatory gene expression 
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triggered by Type I IFNs, during SARS-CoV-2 infection. Altogether, these data support a 

working model in which early antiviral IFN-I responses restrain SARS-CoV-2 replication, 

whereas a sustained and systemic IFN-I response, particularly when extended to pro-

inflammatory genes, exacerbate SARS-CoV-2 pathology.  

 

Notably, SARS-CoV-2 infection in RMs represents a mild/moderate model of COVID-19; 

thus, one limitation of our study is that does not address the impact of IFNmod in severe 

COVID-19. Additionally, while we observed reductions in SARS-CoV-2 infectivity and 

inflammatory gene expression in Calu-3 cells when IFNmod was administered post-

infection, it is also important to note that we initiated IFNmod treatment in RMs prior to 

infection with SARS-CoV-2 and that changing the timing of administration could also lead 

to different results in vivo. 

 

IFNmod administration in SIV-infected RMs during the first 4 weeks of infection was 

previously shown to result in higher plasma viral loads, increased CD4+ T cell depletion, 

and a more rapid progression to AIDS. These results highlight that modulating IFN-I 

during infection with inherently different viruses (SARS-CoV-2, which establishes an 

acute infection that is naturally controlled in a few weeks in RMs and SIV, which 

establishes a persistent, chronic infection) can have vastly different effects on 

pathogenesis. 
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Our data also show a central role of IFN-I in regulating the axis of infiltrating monocytes 

and subsequent inflammation within the airway and lung interstitium during SARS-CoV-

2 infection. 

Numerous studies have observed hyperactivation of monocytes and macrophages in 

COVID-19 (reviewed in 415). Within the lower airway, an early study identified elevated 

expression of IL1B, IL6, and TNF within alveolar macrophages in patients with severe 

COVID-19 100. Subsequent work has progressed to dissect the precise phenotypes 

contributing to SARS-CoV-2 driven inflammation within the monocyte/macrophage axis 

in mice 416, NHPs 393, 410, and more recently, in humans 417.  In these studies, a consistent 

model has emerged in which resident tissue alveolar macrophages are displaced by 

inflammatory, infiltrating monocytes and interstitial macrophages. Notably, we observed 

IFNmod treatment to profoundly impact monocyte/macrophage populations in vivo, 

decreasing the activation state of the CD163+MRC1- population and its recruitment to the 

BAL as well as reducing the expansion of CD14+CD16+ pro-inflammatory monocytes in 

the periphery relative to untreated RMs. We also identified the CD163+MRC1- interstitial 

macrophage-like subset as the predominant population expressing inflammatory 

cytokines and chemokines and exhibiting inflammasome activation within the alveolar 

space during SARS-CoV-2 infection. Moreover, and supporting recent studies in 

humanized mice 389, our work demonstrates that targeted modulation of the IFN-I system 

during early SARS-CoV-2 can effectively eliminate the level of cell-associated virus on 

macrophages and broadly dampen induction of the inflammasome.  
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Autopsies of patients succumbing to severe COVID-19 have linked disease pathology to 

the accumulation of aberrantly activated macrophages in lungs 418 and hyperactivated 

Siglec1+ macrophages co-localizing with SARS-CoV-2 in the hilar LNs of autopsy 

samples 419. Grant et al proposed a model in which alveolar macrophages act as “Trojan 

horses” that traffic to adjacent lung regions, ferrying cell-associated virus and propagating 

inflammation 420. In this context, the observation that IFNmod was able to potently reduce 

the expression of the viral attachment receptor Siglec-1 on CD14+ blood monocytes and 

BAL macrophages, with concomitantly lowered ISG expression and inflammasome 

activation, provides a possible mechanism by which the IFN system may enhance trans-

infection and enable propagation and dissemination of inflamed macrophages in the 

airspace. Our scRNA-Seq data are consistent with the “Trojan horse” hypothesis and 

extend it by identifying that the CD163+MRC1- and CD163+TREM2+ populations are the 

predominant populations in the lung in which the inflammasome is induced. 

 

This study, using an intervention targeting both IFN-� and IFN-� pathways, demonstrates 

the central role of IFN-I in regulating the early events of SARS-CoV-2 infection and 

pathogenesis in RMs, making a strong case that, while rapid and transient stimulation of 

antiviral ISGs helps restrain SARS-CoV-2 replication, IFN-I driven excessive 

inflammation has deleterious consequences if left unchecked.  

 

MATERIALS AND METHODS 

Study Design 
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The main objective of our study was to determine how downregulating early IFN-I 

pathways affects SARS-CoV-2 replication and pathogenesis.  We utilized IFN modulator 

(IFNmod), a mutated IFNα2 with high affinity to IFNAR2, but markedly lower affinity to 

IFNAR1 that was previously demonstrated to block binding of endogenous IFN-I. We first 

assessed the impact of IFNmod on interferon stimulated genes (ISGs) in uninfected 

rhesus macaques (RMs) and uninfected Calu-3 cells. Additionally, we also evaluated the 

ability of IFNmod to reduce SARS-CoV-2 replication in infected Calu-3 cells. Next, we 

used the RM model of SARS-CoV-2 to examine the effect of IFNmod on SARS-CoV-2 

replication and pathogenesis in vivo. 18 RMs (9 untreated and 9 IFNmod-treated from -1 

to 2 days post infection (dpi)) were inoculated with WA1/2020 SARS-CoV-2 and 

necropsied at days 2, 4, and 7dpi. We compared longitudinal BAL, nasopharyngeal swab, 

and throat swab viral loads as well as lung and hilar LN tissue viral loads at necropsy 

between untreated and IFNmod-treated animals. Additionally, to evaluate the impact of 

IFNmod on SARS-CoV-2 pathogenesis, we also performed mesoscale immunoassay, 

flow cytometry, and bulk RNAseq as well as scRNAseq analysis.  

 

Study Approval 

EPC’s animal care facilities are accredited by both the U.S. Department of Agriculture 

(USDA) and by the Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC). All animal procedures were performed in line with institutional 

regulations and guidelines set forth by the NIH’s Guide for the Care and Use of Laboratory 

Animals, 8th edition, and were conducted under anesthesia with appropriate follow-up 

pain management to minimize animal suffering. All animal experimentation was reviewed 
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and approved by Emory University’s Institutional Animal Care and Use Committee 

(IACUC) under permit PROTO202100003. 

 

Animal models 

In the uninfected animal study, 4 (2 females and 2 males; average age of 9 years and 2 

months) specific-pathogen free (SPF) Indian-origin rhesus macaques (RM; Macaca 

mulatta; Table 3.S1) were housed at Emory National Primate Research Center (ENPRC) 

in the BSL-2 facility. All four uninfected RMs were administered 1 mg/day of IFN-I 

modulator (IFNmod) for four consecutive days. IFNmod was supplied in solution and 

diluted with PBS and administered intramuscularly in the thigh. Peripheral blood (PB) and 

BAL collections were performed at pre- and post-administration timepoints as annotated 

(Fig. 3.1a).  

 

In the SARS-CoV-2-infected animal study, 20 (8 females and 12 males; average age of 

11 years and 8 months) SPF Indian-origin rhesus macaques (Table 3.S1) were housed 

at the ENPRC as previously described 364 in the ABSL3 facility. The number of animals 

was chosen based on (1) viral loads, (2) monocytes inflammation, and (3) RNA 

transcriptomic data previously published by our group 173 in SARS-CoV-2 infected RMs 

treated with a JAK1/2 inhibitor. RMs were infected with 1.1x106 plaque forming units 

(PFU) SARS-CoV-2 via both the intranasal (1 mL) and intratracheal (1 mL) routes 

concurrently. Two SARS-CoV-2-infected animals were excluded due to error in specimen 

processing, resulting in missing time points. Nine RMs were administered 1 mg/day of 

IFN-I modulator (IFNmod) starting one day prior to infection (-1 dpi) until 2 dpi. IFNmod 
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was supplied in solution and diluted with PBS and administered intramuscularly in the 

thigh. The other 9 animals served as untreated, SARS-CoV-2 infected group. At each 

cage-side access, RMs were clinically scored for responsiveness, discharges, respiratory 

rate, respiratory effort, cough, and fecal consistency (Table 3.S2). Additionally, at each 

anesthetic access, body weight, body condition score, respiratory rate, pulse oximetry, 

and rectal temperature was recorded and RMs were clinically scored for discharges, 

respiratory character, and hydration (Table S3). Longitudinal tissue collections of 

peripheral blood (PB); bronchoalveolar lavage (BAL); and nasal, and pharyngeal mucosal 

swabs in addition to thoracic X-rays (ventrodorsal and right lateral views) were performed 

immediately following IFNmod administration as annotated (Fig. 3.3a). In addition to the 

tissues listed above, at necropsy the following tissues were processed for mononuclear 

cells: hilar LN, caudal (lower) lung, cranial (upper) lung, and spleen. Additional necropsy 

tissues harvested for histology included nasopharynx.  

 

IFNmod production 

IFNmod (also named IFN-1ant) is an IFNα2 engineered protein, including the R120E 

mutation and the terminal 5 amino acids of IFNα8. This results in tight binding to IFNAR2, 

and below detection binding to IFNAR1 395, 421. For expression, IFNmod was cloned in a 

pET28bdSUMO plasmid 422 and grown in BL21 DE3 cells to OD600 of 0.6 at 37°C in 2TY 

broth, after which, cells were transferred to 15°C and 0.2 mM fresh IPTG was added for 

overnight growth. Cells were harvested and disintegrated in 50 mM Tris, 100 mM NaCl 

buffer (pH 8) including Benzonase (Sigma-Aldrich, Cat#: E1014-5KU), protease inhibitor 

cocktail (Sigma-Aldrich, Cat#: P8465-5ML) and lysozyme (Sigma- Aldrich, Cat# 62970-
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5G-F), and purified by NiNTA beads (Ni-NTA beads, Merck, cat. 70666-4). IFNmod fused 

with SUMO was purified by the on-column cleavage using 50 mM Tris pH 8, 100 mM 

NaCl and BD-Sumo protease (1:200 from 1mg\ml stock, in-house production) for 2 hr at 

RT, and then moved to over-night cleavage at 4°C 422. After elution from NiNTA, IFNmod 

was subjected to size exclusion chromatography using a Superdex 75 26/60 column. For 

endotoxin removal, IFNmod was subjected to ToxinEraserTM (GenScript, L00338), with 

endotoxin levels measured using ToxinSensorTM (GenScript, Cat# l00350). Yields were 

~15 mg pure protein per liter. 

 

ISGs induction in IFNmod-treated Calu-3 cells  

Human epithelial lung adenocarcinoma cells (Calu-3 cells) were acquired through and 

authenticated by ATCC (HTB-55). Specifications of authentication are available from the 

manufacturer. qRT-PCR was performed on uninfected Calu-3 cells treated with various 

concentrations of IFNmod with or without IFNα to assess induction of antiviral ISGs Mx1 

and OAS1 and inflammatory gene CXCL10 as described in the Supplementary Materials. 

 

Impact of IFNmod on SARS-CoV-2 replication in Calu-3 cells 

The ability of IFNmod treatment to reduce SARS-CoV-2 replication when initiated pre- 

and post-infection respectively was assessed in Calu-3 cells as described in the 

Supplementary Materials. 

 

Viral Stocks 
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The SARS-CoV-2 NL-02-2020 (BetaCoV/Netherlands/01/NL/2020) viral stock used in 

Calu-3 cell experiments was obtained from the European Virus Archive.  

The SARS-CoV-2 viral stock used in RM experiments (USA-WA/2020 strain) was 

obtained from BEI Resources (Cat no. NR-53899, Lot: 70040383). Prior to infection, 

stocks were titered on Vero E6 cells by plaque assay (ATCC, CRL-1586) and sequenced 

to verify the stock’s genomic integrity.  

 

Determination of viral load RNA 

SARS-CoV-2 gRNA N and sgRNA E were quantified in nasopharyngeal (NP) swabs, 

throat swabs, and bronchoalveolar lavages (BAL) as described in the Supplementary 

Materials. Using remaining viral RNA extracted from NP swabs and BAL, sgRNA E mRNA 

viral loads were repeated by the NIAD Vaccine Research Center (VRC) as described 

previously 423, 424 and sgRNA N mRNA was also quantified as detailed in the 

Supplementary Materials. 

 

SARS-CoV-2 quantification from necropsy samples 

Upper cranial lung, lower caudal lung, and hilar LN were collected at necropsy, 

homogenized, and tissue viral RNA was extracted and quantified as detailed in the 

Supplementary Materials. Additionally, RNAscope in situ hybridization was performed as 

previously described 158, 172 to characterize the distribution of SARS-CoV-2 vRNA within 

lung tissue. 

 

Histopathology and immunohistochemistry 
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Due to study end point, the animals were euthanized, and a complete necropsy was 

performed. Various tissue samples including lung, nasal turbinates, trachea, and brain 

were collected for histopathology which was performed as detailed in the Supplementary 

Materials. Additionally, immunohistochemical (IHC) staining of Mx1 on sections of lung 

was performed as previously described 158, 172, 174.  

 

Tissue Processing 

Peripheral blood (PB), nasopharyngeal swabs, throat swabs, and BAL were collected 

longitudinally. At necropsy, lower (caudal) lung, upper (cranial) lung, and hilar LNs were 

also collected. Detailed methods pertaining to the collection and processing of these 

tissues are included in the Supplementary Materials. 

 

Bulk and single-cell RNA-Seq Library and sequencing from NHP BALs 

Single cell suspensions from BAL were prepared in a BSL3 as described above for flow 

cytometry and libraries for bulk and sc-RNA-Seq were prepared as described previously 

173, 410. For sc-RNA-Seq, 10,000 cells each from two individual animals containing bar-

code hashes were pooled and a total of approximately 20,000 cells were loaded onto the 

10X Genomics Chromium Controller. In case of BAL samples, 10,000 cells from two 

individual animals containing barcode hashes were pooled except for two samples. 

Additional sequencing details can be found in the Supplementary Materials. 

 

Bulk RNA-Seq analysis 
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Reads were aligned using STAR v2.7.3. 425. The STAR index was built by combining 

genome sequences for Macaca mulatta (Mmul10 Ensembl release 100), SARS-CoV2 

(strain MT246667.1 - NCBI). Transcript abundance and differential expression testing 

were performed using htseq-count 426 and DESeq2 366 as described previously 410. A 

detailed listing of methods for expression and pathway analyses is described in the 

Supplementary Materials. 

 

Bulk RNA-Seq Whole blood analysis 

Bulk RNA-Seq sample preparation and bioinformatic analyses of whole blood samples 

were performed independently of BAL or PBMC samples and are described in detail in 

the Supplementary Materials. 

 

Single-cell RNA-Seq Bioinformatic Analysis 

The cellranger v6.1.0 (10X Genomics) pipeline was used for processing the 10X 

sequencing data and the downstream analysis was performed using the Seurat v4.0.4 427 

R package as described previously 410. A composite reference comprising of Mmul10 from 

Ensembl release 100 and SARS-CoV2 (strain MT246667.1 - NCBI) was used for 

alignment of sequencing with cellranger. The percentage of SARS-CoV2 reads was 

determined using the PercentageFeatureSet for SARS-CoV2 genes. For BAL samples, 

a total of 62,081 cells across all animals passed QC and were used for analyses. For lung 

samples, a total of 42,699 cells passed upstream QC and were used for analysis.  A 

detailed breakdown of the number of cells per sample/animals is recorded in Data File 



   

 138 

S2. Detailed methodology for the sc-RNA-Seq bioinformatics are reported in the 

Supplementary Materials.  

 

Immunophenotyping 

23-parameter flow cytometric analysis was performed on whole blood, fresh PBMCs, and 

mononuclear cells (106 cells) derived from LN biopsies, BAL, and lung as detailed in the 

Supplementary Materials using anti-human monoclonal antibodies (mAbs), which we 364, 

365, 428, 429 and others, including databases maintained by the NHP Reagent Resource 

(MassBiologics), have shown as being cross-reactive in RMs.  

 

T cell stimulation and intracellular cytokine staining assays 

The assay was performed as described before 405, 430. Briefly, ~2 × 106 PBMCs from n=3 

animals at days -7pi and 7pi were cultured in 200-μl final volume in 5-ml polypropylene 

tubes (BD Biosciences, San Diego, CA, USA) in the presence of anti-CD28 (1 μg/ml) and 

anti-CD49d (1 μg/ml) (BD Biosciences) and the following conditions: (i) negative control 

with dimethyl sulfoxide only, (ii) whole spike (S) peptide pool 1 (n = 253 peptides, 15-mers 

with 10-residue overlap) (Weiskopf and Sette labs, LJI, La Jolla, CA) at a final 

concentration of 1 μg/ml, (iii) N peptide pool, and (iv) phorbol 12-myristate 13-

acetate/ionomycin. Brefeldin A was added to all tubes at 10 μg/ml (Sigma-Aldrich, St 

Louis, MO) and cells were cultured for 6 hours and transferred to 4°C before staining for 

flow cytometry as described in the Supplementary Materials.  

 

SARS-CoV-2 Pseudovirus Neutralization Assays 
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SARS-CoV-2 Pseudovirus neutralization assay was based on protocol in Crawford et al 

2020 431 and conducted with minor changes to how it was previously reported in Voigt et 

al 2022 432. The revised protocol is detailed in the Supplementary Materials.  

 

Mesoscale 

Plasma was collected from EDTA blood following centrifugation at 2500 rpm for 15 

minutes. BALF supernatant was obtained from BAL that was filtered through a 70μm cell 

strainer and spun down at 1800rpm for 5 minutes. Both plasma and BALF were frozen at 

-80C and later thawed immediately prior to use.  

Cytokines were measured using Mesoscale Discovery.  Pro-and anti-inflammatory 

cytokines and chemokines were measured as part of V-Plex (#K15058D-1). INF alpha 

was measured with a U plex (K156VHK-1 Mesoscale Discovery, Rockville, Maryland). 

Levels for each cytokine/chemokine were determined in double and following the 

instructions of the kits. The plates were read on a MESO Quick plex 500 SQ120 machine.  

Quantities were determined using the discovery Work bench software for PC (version 

4.0).  

 

Statistical Analysis 

All statistical analyses were performed two-sided with p-values ≤0.05 deemed significant. 

Ranges of significance were graphically annotated as follows: *, p<0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001. Analyses for Figs. 1g, 2b-c, 2e-h, 3b-I, 4a-k, 5b-c, 5e-g, S1b-d, 

S2a-b, S3a-d, S4b, S5b-c, and S6b-f were performed with Prism version 8 (GraphPad) 
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while analyses for Figs. 7c, S9d and S10c were performed with R version 4.0.3 (using 

function wilcox.test with the parameters paired and correct set to FALSE). The Wald test 

(DESeq2 package) was used to calculate the BH corrected p-values for Figs. 6b and S7. 
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Supplementary Materials 
 

Materials and Methods 

ISGs induction in IFNmod-treated Calu-3 cells 

Calu-3 cells were seeded in 48 well plates. 24 hours post-seeding, cells were treated with 

0, 0.004, 0.04, or 0.4 μg/ml IFNmod with or without 0.04 µg/ml IFNα. 24 hours later, cells 

were harvested for qRT-PCR analysis. Total RNA extraction was performed using the 

Quick-RNA Microprep Kit (Zymo research) according to the manufacturer’s instructions. 

On a StepOnePlus Real-Time PCR System (Applied Biosystems), reverse transcription 

and qRT–PCR were performed in one step using a SuperScript III Platinum Kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions. Each TaqMan probe (OAS1, 

Hs05048921_s1; Mx1, Hs00895608_m1; CXCL10, Hs00171042_m1; β-Actin, 

Hs99999903_m1) was acquired as premixed TaqMan Gene Expression Assays (Thermo 

Fisher Scientific) and added to the reaction. Expression levels of each target gene were 

calculated by normalizing to Actin levels using the ΔΔCT method. 

 

Impact of IFNmod on SARS-CoV-2 replication in Calu-3 cells 

For pre-infection treatment initiation experiments, 30,000 Calu-3 cells were seeded in 96 

well plates and allowed to rest for 24 hours. Cells were then either treated with IFNmod 

(0.004, 0.04, or 0.4 µg/ml) or IFNα (20, 100 and 500 IU/ml) 24 hours prior to infection, 

treated with Nirmatrelvir (0.1, 1, and 10µM) 1 hour prior to infection, or left untreated. Cells 

were then infected with SARS CoV-2 NL-02-2020 (MOI 0.1) and, 5h post infection, were 

washed once with PBS, supplemented with fresh media, and treated again with IFNmod, 
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IFNα, or Nirmatrelvir respectively. 48h later, supernatants and cells were harvested for 

qRT-PCR analysis.   

 

For post-infection treatment initiation experiments, 30,000 Calu-3 cells were seeded in 96 

well plates and allowed to rest for 48 hours. Cells were then infected with SARS CoV-2 

NL-02-2020 (MOI 0.1) and, 5h post infection, were washed once with PBS, supplemented 

with fresh media, and treated with IFNmod (0.004, 0.04, or 0.4 µg/ml), IFNα (20, 100 and 

500 IU/ml), or Nirmatrelvir ((0.1, 1, and 10µM) respectively. 48h later, supernatants and 

cells were harvested for qRT-PCR analysis.   

  

N (nucleoprotein) transcript levels were determined in supernatants collected from SARS-

CoV-2 infected Calu-3 cells. Total RNA was isolated using the Viral RNA Mini Kit (Qiagen, 

Cat#52906) according to the manufacturer’s instructions. RT-qPCR was performed as 

previously described using TaqMan Fast Virus 1-Step Master Mix (Thermo Fisher, 

Cat#4444436) and a OneStepPlus Real-Time PCR System (96-well format, fast mode). 

Primers were purchased from Biomers (Ulm, Germany) and dissolved in RNAse free 

water. Synthetic SARS-CoV-2-RNA (Twist Bioscience, Cat#102024) or RNA isolated 

from BetaCoV/France/IDF0372/2020 viral stocks quantified via this synthetic RNA (for 

low CT samples) were used as a quantitative standard to obtain viral copy numbers. All 

reactions were run in duplicates. Forward primer (HKU-NF): 5’-TAA TCA GAC AAG GAA 

CTG ATT A-3’; Reverse primer (HKU-NR): 5’-CGA AGG TGT GAC TTC CAT G-3’; Probe 

(HKU-NP): 5’-FAM-GCA AAT TGT GCA ATT TGC GG-TAMRA-3’. 
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Determination of viral load RNA 

Nasopharyngeal and throat swabs were placed in 2mL of PBS (CORNING). Virus was 

inactivated by mixing 1:1 with Buffer ATL (Qiagen) prior to viral RNA extraction from NP 

swabs, throat swabs, and BAL on fresh, inactivated specimens. Viral RNA was extracted 

on the QIASymphony SP platform using the DSP virus/pathogen kit according to the 

manufacturer’s protocols.  Quantitative PCR (qPCR) was performed on viral RNA 

samples using the N2 primer and probe set designed by the CDC for their diagnostic 

algorithm: CoV2-N2-F: 5’-TTACAAACATTGGCCGCAAA-3’, CoV2-N2-R: 5’-

GCGCGACATTCCGAAGAA-3’, and CoV2-N2-Pr: 5’-FAM-

ACAATTTGCCCCCAGCGCTTCAG-BHQ-3’. The primer and probe sequences for the 

sub-genomic mRNA or sgRNA transcript of the E gene are SGMRNA-E-F: 5’-

CGATCTCTTGTAGATCTGTTCTC-3’, SGMRNA-E-R: 5’-

ATATTGCAGCAGTACGCACACA-3’, and SGMRNA-E-Pr: 5’-FAM-

ACACTAGCCATCCTTACTGCGCTTCG-3’. qPCR reactions were performed in duplicate 

with the TaqMan Fast Virus 1-step Master Mix using the manufacturer’s cycling 

conditions, 200nM of each primer, and 125nM of the probe. The limit of detection in this 

assay was 70 copies per mL of PBS or BAL. To verify sample quality the CDC RNase P 

p30 subunit qPCR was modified to account for rhesus macaque specific polymorphisms. 

The primer and probe sequences are RM-RPP30-F 5’-AGACTTGGACGTGCGAGCG-3’, 

RM-RPP30-R 5’-GAGCCGCTGTCTCCACAAGT-3’, and RPP30-Pr 5’-FAM-

TTCTGACCTGAAGGCTCTGCGCG-BHQ1-3’. A single well from each extraction was 

run as above to verify RNA integrity and sample quality via detectable and consistent 

cycle threshold values. All quantities were determined using in vitro transcribed RNA 
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standards that were verified with quantified viral RNA stocks acquired from ATCC and 

BEI Resources. For repeat sgRNA E mRNA viral loads, the following primer and probe 

sets were used: sgLeadSARSCoV2_F (5′-CGATCTCTTGTAGATCTGTTCTC-3′), 

E_Sarbeco_P (5′-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1-3′), and 

E_Sarbeco_R (5′-ATATTGCAGCAGTACGCACACA-3′). Viral sgRNA N mRNA was also 

quantified by the VRC using the following primer and probe sets: Forward: 5′-

CGATCTCTTGTAGATCTGTTCTC-3′, Probe: 5′-FAM- 

TAACCAGAATGGAGAACGCAGTGGG-BHQ1–3′, Reverse: 5′-

GGTGAACCAAGACGCAGTAT-3′). The lower limit of detection for the assay conducted 

at the VRC was 50 copies per mL of PBS or BAL. 

 

SARS-CoV-2 quantification from necropsy samples 

An approximately 0.5 cm3 sample of each tissue (lower caudal lung, upper cranial lung, 

and hilar LN) was collected at necropsy, placed in 1mL RNAlater Solution (invitrogen), 

stored at 4°C for 24 hours, and then frozen at -80°C. ~50mg of each thawed sample was 

transferred to a microcentrifuge tube containing a 5mm stainless steel bead (Qiagen, Part 

No. 69989) and 1200 µL Buffer RLT Plus, and homogenized twice for 1-5 minutes each 

at 25Hz using a TissueLyser LT sample disruptor (Qiagen, Part No. 85600) with a 12 tube 

Tissue Lyser LT adapter (Qiagen, Part No. 69980). Following centrifugation of the 

samples at maximum speed for 3 minutes, the supernatant of the samples was collected. 

Tissue RNA was extracted from homogenized supernatants on the Qiasymphony SP 

platform using the QIAsymphony RNA Kit (Qiagen, Part No. 931636). Viral RNA was 

quantified as above and normalized to the copy number of RPP30. 
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Histopathology and immunohistochemistry 

For histopathologic examination, tissue samples including lung, nasal turbinates, trachea, 

and brain were fixed in 4% neutral-buffered paraformaldehyde for 24h at room 

temperature, routinely processed, paraffin-embedded, sectioned at 4μm, and stained with 

hematoxylin and eosin (H& E). The H&E slides from all tissues were examined by two 

board certified veterinary pathologists. For each animal, all the lung lobes were used for 

analysis and affected microscopic fields were scored. Scoring was performed based on 

these criteria: number of lung lobes affected, type 2 pneumocyte hyperplasia, alveolar 

septal thickening, fibrosis, perivascular cuffing, peribronchiolar hyperplasia, inflammatory 

infiltrates, hyaline membrane formation. An average lung lobe score was calculated by 

combining scores from each criterion. Digital images of H&E stained slides were captured 

at 40× and 200× magnification with an Olympus BX43 microscope equipped with a digital 

camera (DP27, Olympus) using Cellsens® Standard 2.3 digital imaging software 

(Olympus). 

 

Tissue Processing 

PB was collected from the femoral vein in sodium citrate, serum separation, and EDTA 

tubes from which plasma or serum was separated by centrifugation within 1 hour of 

phlebotomy. Serum from blood collected in serum separator tubes and plasma from blood 

collected in sodium citrate tubes were used for comprehensive blood chemistry panels. 

EDTA PB was used for complete blood counts, whole blood staining, and PBMC isolation 

and staining. Following the centrifugation of EDTA PB and the removal of plasma, 500uL 
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of the remaining fraction of blood was lysed with ACK lysis buffer, pelleted via 

centrifugation, and washed twice with PBS in preparation for whole blood flow cytometry 

staining. Peripheral blood mononuclear cells (PBMCs) were also isolated from the fraction 

of EDTA blood remaining following the removal of plasma using a Ficoll-Paque Premium 

density gradient (GE Healthcare), and washed with R-10 medium. R-10 medium was 

composed of RPMI 1640 (Corning) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 100 IU/mL penicillin, 100 μg/mL streptomycin, and 200 mM L-glutamine 

(GeminiBio). 

 

Nasopharyngeal swabs were collected under anesthesia by using a clean flocked nylon-

tipped swab (Azer Scientific Inc, Nasopharyngeal swab Individually wrapped, sterile, 

76422-824, VWR International) placed approximately 2-3cm into the 

nares.  Oropharyngeal swabs were collected under anesthesia using polyester tipped 

swabs (Puritan Standard Polyester Tipped applicator, polystyrene handle, 25-806 2PD, 

VWR International) to streak the tonsils and back of throat bilaterally (throat/pharyngeal). 

The swabs were dipped in 2 mL PBS (Corning) and vortexed for 30 sec, and the eluate 

was collected.  

 

To collect BAL, a fiberoptic bronchoscope (Olympus BF-XP190 EVIS EXERA III ULTRA 

SLM BRNCH and BF-P190 EVIS EXERA 4.1mm) was manipulated into the trachea, 

directed into the primary bronchus, and secured into a distal subsegmental bronchus 

upon which 35-70 mL of normal saline (0.9% NaCl) was administered into the bronchus 

and re-aspirated to obtain a minimum of 20ml of lavage fluid. At necropsy, a large sterile 
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syringe with the plunger removed was inserted into the tracheal opening and 

approximately 150 ml of sterile 1 x PBS was poured into both sides of the lungs. The 

syringe was then removed and re-inserted into the tracheal opening with the plunger 

replaced. Lavage fluid was then pulled back into the syringe and dispensed into conical 

tubes. BAL was filtered through a 70μm cell strainer and multiple aliquots were collected 

for viral loads. Next, the remaining BAL was centrifuged at 2200rpm for 5 minutes and 

the BAL fluid supernatant was collected for mesoscale analysis. Pelleted BAL cells were 

resuspended in R10 and used for downstream analyses including 10x, Bulk RNAseq, and 

flow cytometry. 

 

The lower portions of the cranial (upper) lung lobes and the bilateral upper portions of the 

caudal (lower) lung lobes were collected at necropsy. Lung tissue was injected with 

digestion media containing 0.4mg/mL DNase I (StemCell Technologies), 2.5 mg/mL of 

Collagenase D (Roche), and 0.2mg/mL Liberase TL Research Grade (Sigma-Aldrich) in 

HBSS using a blunt end needle. Next, lung tissue was cut into small pieces using blunt 

end scissors and incubated in digestion media at 37C for 1 hour. Lung tissue was then 

transferred into gentleMACS C tubes (Miltenyi Biotec) and homogenized using a 

gentleMACS Dissociator, program “Lung 02_01” (Miltenyi Biotec). The resulting 

homogenized tissue was filtered through a 100μm BD Falcon cell strainer and washed 

with R-10 medium. 
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Hilar LN biopsies were collected at necropsy, sectioned using blunt, micro-dissection 

scissors and mechanically disrupted through a 70μm cell strainer and washed with R-10 

media.  

 

Mononuclear cells were counted for viability using a Countess II Automated Cell Counter 

(Thermo Fisher) with trypan blue stain and were cryo-preserved in aliquots of up to 2x107 

cells in 10% DMSO in heat-inactivated FBS. Whole tissue segments (0.5 cm3) were snap 

frozen dry or stored in RNAlater (Qiagen) for analyses of RNA-seq and tissue viral 

quantification, respectively.  

 

Bulk and single-cell RNA-Seq Library and sequencing of BAL samples 

For bulk RNA-Seq, 50,000 cells were lysed directly into 700 ul of QIAzol reagent and RNA 

was isolated using the miRNeasy Micro kit (Qiagen) with on-column DNase digestion. 

RNA quality was assessed using an Agilent Fragment Analyzer and ten nanograms of 

total RNA was used as input for cDNA synthesis using the Clontech SMART-Seq v4 Ultra 

Low Input RNA kit (Takara Bio) according to the manufacturer’s instructions. Amplified 

cDNA was fragmented and appended with dual-indexed bar codes using the NexteraXT 

DNA Library Preparation kit (Illumina). Libraries were validated by capillary 

electrophoresis on an Agilent Fragment Analyzer, pooled at equimolar concentrations, 

and sequenced on an Illumina NovaSeq6000. For single-cell RNA-Seq, approximately 

20,000 cells were loaded onto the 10X Genomics Chromium Controller in the BSL3 facility 

using the Chromium NextGEM Single Cell 5’ Library & Gel Bead kit according to 

manufacturer instructions 434. The resulting gene expression libraries were sequenced as 
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paired-end 26x91 reads on an Illumina NovaSeq6000 targeting a depth of 50,000 reads 

per cell. Cell Ranger software was used to perform demultiplexing of cellular transcript 

data, and mapping and annotation of UMIs and transcripts for downstream data analysis. 

 

Bulk RNA-Seq analysis 

Reads were aligned using STAR v2.7.3. (73). The STAR index was built by combining 

genome sequences for Macaca mulatta (Mmul10 Ensembl release 100), SARS-CoV2 

(strain MT246667.1 - NCBI). The gffread utility (https://github.com/gpertea/gffread) was 

used to convert gff3 file for SARS-CoV2 and the resulting gtf file for SARS-CoV2 was 

edited to include exon entries which had the same coordinates as CDS to get counts with 

STAR. The combined genomic and gtf files were used for generating the STAR index. 

Transcript abundance estimates were calculated internal to the STAR aligner using the 

algorithm of htseq-count 426. The ReadsPerGene files were read in R constructing a count 

matrix that was imported in DESeq2 using the DESeqDataSetFromMatrix function. 

DESeq2 was used for normalization 366, producing both a normalized read count table 

and a regularized log expression table. Only the protein coding genes defined in the gtf 

file were used for analysis. The design used was: ~ Subject + Treatment * Timepoint. The 

regularized log expression values were obtained using the rlog function with the 

parameters blind =FALSE and filtType = “parametric”. GSEA 4.1.0 (https://www.gsea-

msigdb.org/) was used for gene set enrichment analysis with the following gene sets: 

Hallmark and Reactome and Biocarta Canonical pathways (MsigDB), NHP ISGs (40). 

GSEA was run with default parameters with the permutation type set to gene_set. The 

input for GSEA was the regularized log expression values obtained from DESeq2 which 
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was filtered to remove genes with mean expression <=0. The regularized log expression 

values were also used to generate heatmaps using the Complex Heatmap R library.   

 

Bulk RNA-Seq Whole blood analysis 

Whole blood was collected from RM into PAXgene RNA tubes (PreAnalytiX) according to 

the manufacturer’s instructions. RNA was isolated using RNAdvance Blood Kit 

(Beckman) following the manufacturer’s instructions. mRNAseq libraries were 

constructed using KAPA RNA HyperPrep Kit with RiboErase (HMR) Globin in conjunction 

with the KAPA mRNA Capture Kit (Roche Sequencing). Libraries were sequenced on an 

Illumina NextSeq500 sequencer using Illumina NextSeq 500/550 High Output v23 (150 

cycles) following the manufacturer’s protocol for sample handling and loading. Reads 

were initially filtered for hemoglobin and rRNA reads using bowtie 2.4.2, and then aligned 

to the Macaca mulatta (Mmul10 Ensembl release 100) genome using STAR v2.7.5a. Final 

counts were then generated with HTSeq-count v0.13 425, 426, 435.  Genes with a mean count 

across samples lower than 5 were filtered from the analysis. Counts were normalized 

using TMM normalization/voom 436-438. Differential gene analysis was done using limma 

with design (~0 +time:treatment + animal) with an adjusted pval cutoff of 0.05 and 

absolute LFC value greater than 0.58 comparing 1,2,4,5 and 7 dpi to baseline at each 

time-point for animals treated with IFNmod and untreated animals (infected with SARS-

CoV-2) 438. Over representation analysis was performed on significant DE genes using 

SetRank 439. To identify pathways significantly enriched (adjusted P val < 0.05).  Activity 

of pathways of interest were illustrated by calculating the mean logCPM value of genes 

in each pathway across time. 
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Single-cell RNA-Seq Bioinformatic Analysis 

The cellranger v6.1.0 (10X Genomics) pipeline was used for processing the 10X 

sequencing data and the downstream analysis was performed using the Seurat v4.0.4 427 

R package. A composite reference comprising of Mmul10 from Ensembl release 100 and 

SARS-CoV2 (strain MT246667.1 - NCBI) was used for alignment with cellranger. The 

percentage of SARS-CoV2 reads was determined using the PercentageFeatureSet for 

SARS-CoV2 genes. 

  

For BAL samples, the samples were demultiplexed using HTODemux function in Seurat. 

The gene expression matrix was filtered to include protein coding genes and exclude 

genes encoded on Y chromosome, B and T cell receptor genes, mitochondrial genes, 

RPS and RPL genes and SARS-CoV2 genes. The cells were further filtered on the 

following criteria: nFeature_RNA >=500 and <= 3500, ncount_RNA >=250 and 

log10GenesPerUMI > 0.8. After filtering, the samples were normalized using 

SCTransform method 440 and integrated using the first 30 dimensions with the default 

CCA method 441. Three samples were dropped - two due to low cell numbers (RNi17 4 

dpi and RZs14 7 dpi) and one for large proportion of epithelial cells (CD68 baseline). The 

downstream analyses was carried out with the remaining samples comprising of 62,081 

cells. The number of cells per sample is shown in Data File 2. The integrated object was 

split into individual samples and after filtering the three samples, the remaining  samples 

were normalized using the SCTransform method 440 and then integrated using the 

reciprocal PCA method 441. The first 30 dimensions were used with the 



   

 155 

FindIntegrationAnchors, FindUMAP and FindNeighbors method. Clustering was carried 

out using the default Louvain method and the resolution was set to 1. Cell annotations 

were carried out based on the expression of canonical markers in seurat clusters and 

SingleR v1.4.0 library (Blueprint Encode database) 331 annotations were used as a guide. 

As a distinct cluster could not be determined for neutrophils based on the expression of 

canonical marker genes, the SingleR annotations were used for neutrophils. Differential 

gene expression analysis was carried out using the FindMarkers function with “MAST” 373 

method.  

To further classify the macrophages/monocytes in BAL, only cells in the largest cluster 

comprising the macrophages/monocytes were further processed. The subset function 

was used to get these cells followed by splitting the object in individual samples. The 

MapQuery function was used to map individual samples to a reference lung 

macrophage/monocyte dataset from three healthy rhesus macaques obtained from a 

previously published study 433 using the same approach that we have previously 

described 410.  

  

For lung samples, we processed sections of lower (caudal) lung obtained from animals 

necropsied at 2 dpi (n=3 Untreated, n=3 IFNmod) and 7 dpi (n=1 Untreated, n=1 IFNmod). 

Two of the 2 dpi samples were dropped (one from each group), due to low cell recovery. 

The cellranger pipeline was used as described above. The filtered counts were read into 

Seurat using the Read10X_h5 function. The gene expression matrix was filtered to 

include protein coding genes and exclude genes encoded on Y chromosome, B and T 

cell receptor genes, mitochondrial genes, RPS and RPL genes and SARS-CoV2 genes. 
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The cells were filtered based on the following criteria: (i) nFeature_RNA between 500 and 

5000 and (ii) percent mitochondrial genes <= 25%. Normalization was performed using 

SCTransform and the samples were integrated using reciprocal PCA. The first 30 

dimensions were used and clustering was carried out with the resolution set to 0.1 using 

the default Louvain algorithm in seurat. The clusters were annotated based on the 

expression of canonical markers and roughly divided into four major subsets: epithelial, 

myeloid, lymphoid and others. Each subset was then clustered separately to fine tune the 

cell type annotations. The human Lung v1 reference 413 in Azimuth 

(https://azimuth.hubmapconsortium.org/) was used to guide the cell annotations. Based 

on the expression of canonical markers, some clusters were classified as doublets and 

some remained unassigned. After removing the doublets and unassigned clusters, 

UMAPs showed some additional cells that coincided with the removed 

doublets/unassigned clusters and these were removed as well. Finally, a total of 42,699 

cells were used subsequently for downstream analysis. The number of cells per sample 

is recorded in Data File 2. Differential gene expression analysis was carried out using the 

FindMarkers function with “MAST” method. Over –representation analysis was carried 

out using clusterProfiler v4.5.0.992 442 with Hallmark, Reactome, KEGG and BioCarta 

genesets from the msigdb database 367, 443, 444. The msigdbr v7.5.1 library 

(https://igordot.github.io/msigdbr/) was used for retrieving the msigdb databases. 

 

 

Immunophenotyping 
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A panel of the following mAbs was used for longitudinal T-cell phenotyping in PBMCs: 

anti-CCR7-BB700 (clone 3D12; 2.5 μL; cat. # 566437), anti-CXCR3-BV421 (clone IC6; 

2.5 μL; cat. # 562558), anti-Ki-67-BV480 (clone B56; 5 μL; cat. # 566109), anti-CCR4-

BV750 (clone 1G1 1E5; 2.5 μL; cat. # 746980), anti-CD3-BUV395 (clone SP34-2; 2.5 μL; 

cat. # 564117), anti-CD8-BUV496 (clone RPA-T8; 2.5 μL; cat. # 612942), anti-CD45-

BUV563 (clone D058-1283; 2.5 μL; cat. # 741414), anti-CD49a-BUV661 (clone SR84; 

2.5 μL; cat. # 750628), anti-CD28-BUV737 (clone CD28.2; 5 μL; cat. # 612815), anti-

CD69-BUV805 (clone FN50; 2.5 μL; cat. # 748763), and Fixable Viability Stain 700 (2 μL; 

cat. # 564997) all from BD Biosciences; anti-CD95-BV605 (clone DX2; 5 μL; cat. # 

305628), anti-HLA-DR-BV650 (clone L243; 5 μL; cat. # 307650), anti-CD25-BV711 (clone 

BC96; 5 μL; cat. # 302636), anti-PD-1-BV785 (clone EH12.2H7; 5 μL; cat. # 329930), 

anti-CD101-PE-Cy7 (clone BB27; 2.5 μL; cat. # 331014), anti-FoxP3-AF647 (clone 150D; 

5 μL; cat. # 320014), and anti-CD4-APC-Cy7 (clone OKT4; 2.5 μL; cat. # 317418) all from 

Biolegend; anti-CD38-FITC (clone AT1; 5 μL; cat. # 60131FI) from STEMCELL 

Technologies; and anti-CXCR5-PE (clone MU5UBEE; 5 μL; cat. # 12-9185-42), anti-

GranzymeB-PE-TexasRed (clone GB11; 2.5 μL; cat. # GRB17), and anti-CD127-PE-Cy5 

(clone eBioRDR5; 5 μL; cat. # 15-1278-42) all from Thermo Fisher. mAbs for chemokine 

receptors (i.e. CCR7) were incubate at 37°C for 15 min, and cells were fixed and 

permeabilized for 30 min at room temperature using a FoxP3 / Transcription Factor 

Staining Buffer Kit (Tonbo Biosciences; cat. # TNB-0607-KIT). A panel of the following 

mAbs was used for the longitudinal phenotyping of innate immune cells in whole blood 

(500 μL), as described in 445, and mononuclear cells (2x106 cells) derived from LN 

biopsies, BAL, and lung: anti-CD20-BB700 (clone 2H7; 2.5 μL; cat. # 745889), anti-
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CD11b-BV421 (clone ICRFF44; 2.5 μL; cat. # 562632), anti-Ki-67-BV480 (clone B56; 5 

μL; cat. # 566109), anti-CD14-BV605 (clone M5E2; 2.5 μL; cat. # 564054), anti-CD56-

BV711 (clone B159; 2.5 μL; cat. # 740781), anti-CD163-BV750 (clone GHI/61; 2.5 μL; 

cat. # 747185), anti-CD3-BUV395 (clone SP34-2; 2.5 μL; cat. # 564117), anti-CD8-

BUV496 (clone RPA-T8; 2.5 μL; cat. # 612942), anti-CD45-BUV563 (clone D058-1283; 

2.5 μL; cat. # 741414), anti-CCR2-BUV661 (clone LS132.1D9; 2.5 μL; cat. # 750472), 

anti-CD16-BUV737 (clone 3G8; 2.5 μL; cat. # 564434), anti-CD101-BUV805 (clone V7.1; 

2.5 μL; cat. # 749163), anti-CD169-PE (clone 7-239; 2.5 μL; cat. # 565248), and anti-

CD206-PE-Cy5 (clone 19.2; 20 μL; cat. # 551136) and Fixable Viability Stain 700 (2 μL; 

cat. # 564997) all from BD Biosciences; anti-ACE2-AF488 (clone Polyclonal; 5 μL; cat. # 

FAB9332G-100UG) from R & D; anti-HLA-DR-BV650 (clone L243; 5 μL; cat. # 307650), 

anti-CD11c-BV785 (clone 3.9; 5 μL; cat. # 301644), and anti-CD123-APC-Fire750 (clone 

315; 2.5 μL; cat. # 306042) all from Biolegend; anti-GranzymeB-PE-TexasRed (clone 

GB11; 2.5 μL; cat. # GRB17) from Thermo Fisher; anti-CD66abce-PE-Vio770 (clone 

TET2; 1 μL; cat. # 130-119-849) from Miltenyi Biotec; anti-NKG2A-APC (clone Z199; 5 

μL; cat. # A60797) from Beckman Coulter. mAbs for chemokine receptors (i.e. CCR2) 

were incubated at 37°C for 15 min, and cells were fixed and permeabilized at room 

temperature for 15 min with Fixation/Permeabilization Solution Kit (BD Biosciences; cat. 

#554714). All samples were fixed with 4% paraformaldehyde and acquired within 24 

hours of fixation. For each sample a minimum of 1.2x105 stopping gate events (live CD3+ 

T-cells) were recorded. Acquisition of data was performed on a FACSymphony A5 (BD 

Biosciences) driven by FACS DiVa software and analyzed with FlowJo (version 10.7; 

Becton, Dickinson, and Company). 
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T cell stimulation and intracellular cytokine staining assays 

E-fluor 780 Viability dye (E-bioscience/Thermofisher) was used to stain for dead cells and 

the following antibodies known to cross-react with RM cells were used in staining cells as 

described before 405, 430 (BV421, anti-human CD4 (Clone; OKT4) and PerCP Cy5.5, anti-

human CD8a (Clone; RPA-T8) antibodies from Biolegend were used in surface staining. 

BV655 anti-human CD3 (Clone; SP34-2, BD Biosciences), Alexa-488 anti human IL-2 

(Clone; MQ1-17H12) and Alexa-647 anti human IFN-γ (Clone; 4S.B3) from Biolegend, 

PE-Cy7 anti human TNF (Clone; Mab11) from Thermofisher and PE anti human IL-4 

(Clone; 7A3-3) was procured from Miltenyi Biotec. Stained cells were acquired using a 

Fortessa Flow Cytometer (BD Biosciences, CA). Flow cytometry data was analyzed using 

Flow Jo (TreeStar, Or). 

 

SARS-CoV-2 Pseudovirus Neutralization Assays 

Human Angiotensin-Converting Enzyme 2-expressing HEK-293 cells (BEI Resources, 

#NR-52511) were plated at 5*104 cells/well in 96 well flat bottom tissue culture treated 

plates and incubated overnight at 37o C + 5% CO2.  The following day, the experimental 

NHP sera along with a SARS-Cov-2 convalescent NHP control (BEI resources NR52401) 

and Naïve mouse sera were initially diluted 1:10 in media (Gibco DMEM with GlutaMAX 

and 10% FBS) and then serially diluted 1:2 across a 96 well round bottom plate for a total 

of 11 dilutions.  Pseudovirus expressing the wild-type SARS-Cov-2 spike protein was 

thawed at room temperature and then diluted to a normalized value of 1*108 total 

integrated intensity units/mL.  The diluted pseudovirus was added 1:1 to samples on the 
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plate after which the plates were incubated at 37oC + 5% CO2 for 1 hour.  After the 1-hour 

incubation, the pseudovirus/serum mixtures were added to the HEK 293T Human-Ace-2 

cells, which each sample repeated in quadruplicate.   Polybrene (Sigma-Aldrich 

TRG1003) was added at a final concentration of 5ug/mL to each well of the plate. The 

plates were incubated for 72 hours at 37o C + 5% CO2.  Plates were imaged on a 

fluorescent plate imager for Zs green expression (ImageXpress Pico Automated Cell 

Imaging System, Molecular Devices, San Jose, CA).  The total integrated intensity per 

well output was used to calculate the percent pseudovirus inhibition in each well.  The 

percent pseudovirus inhibition was fit with a four-parameter sigmoidal curve to calculate 

IC50 values for each sample. 
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Chapter Three Figures 
 

Figure 3.1. Administration of IFNmod in uninfected RMs resulted in modest 
upregulation of ISGs without changes to inflammatory genes or inflammatory 
cytokines and chemokines. (a) Study design of IFNmod treatment in uninfected RMs; 
1mg IFNmod was administered intramuscularly to n=4 uninfected RMs (7-10 years old, 
median = 9.5 years) for four consecutive days. Blood and BAL were collected at pre-
treatment baseline (3 days before treatment initiation) and once a day from days 1-3 post 
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treatment initiation, with the exception of day 2 post treatment initiation, where only blood 
was collected. Heatmaps of ISG expression in (b) BAL and (c) PBMC of uninfected RMs 
before and after IFNmod treatment. Heatmaps of genes associated with IL-6 signaling 
and inflammation in (d) BAL and (e) PBMC of uninfected RMs before and after IFNmod 
treatment. (f) Distribution of log2 fold-changes of IRF1 relative to pre-treatment baseline 
(-3d tx). Filled dots represent the mean, and lighter dots are individual data points. (g) 
Fold change of cytokines and chemokines in BAL fluid relative to pre-treatment baseline 
(-3d tx) measured by mesoscale. Statistical analyses for mesoscale analysis were 
performed using one-tailed Wilcoxon signed-rank tests. Each black, open symbol 
represents an uninfected RM. Black lines represent median fold change. Gray-shaded 
boxes indicate that timepoint occurred during IFNmod treatment. The color scale depicted 
in the top right of panel c indicates log2 expression relative to the mean of all samples 
and is applicable to panels b-e. 
 
 

Figure 3.2. Administration of IFNmod in Calu-3 human lung cells modulated type I 
IFN responses and inhibited SARS-CoV-2 replication to levels comparable to 
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Nirmatrelvir. (a) Overview of uninfected Calu-3 cell culture setup with IFNmod (0.004, 
0.04, and 0.4 µg/ml) +/- IFNα (0.04 µg/ml) treatment. mRNA fold induction of (b) antiviral 
genes OAS1 and Mx1 and (c) inflammatory gene CXCL10 in Calu-3 cells following 
IFNmod (0.004, 0.04, or 0.4 µg/ml) +/- IFNα (0.04 µg/ml) treatment from three 
independent Calu-3 experiments. Statistical analyses were performed using ordinary 
ANOVA with Dunnett's multiple comparisons tests comparing IFNmod +/- IFNα treated 
samples to the respective no IFNmod controls. (d) Overview of Calu-3 SARS-CoV-2 cell 
culture setups with IFNmod (0.004, 0.04, and 0.4 µg/ml), IFNα (20, 100 and 500 IU/ml), 
or Nirmatrelvir (0.1, 1, and 10µM) treatment initiated pre-infection. (e) Viral N RNA 
copies/mL quantified by qRT-PCR and (f) normalized relative to the no treatment 
condition (N= 3 +/- SEM).  Statistical analyses were performed using ordinary ANOVA 
with Dunnett's multiple comparisons tests comparing untreated to IFNmod-treated 
samples. mRNA fold induction of (g) antiviral gene OAS1 and (h) inflammatory gene 
CXCL10 in SARS-CoV-2-infected Calu-3 cells following IFNmod (0.004, 0.04, or 0.4 
µg/ml), IFNα (20, 100 and 500 IU/ml), or Nirmatrelvir (0.1, 1, and 10µM) treatment that 
was initiated pre-infection relative to untreated, uninfected controls. Statistical analyses 
for were performed using ordinary ANOVA with Dunnett's multiple comparisons test 
comparing untreated, infected samples to treated, infected samples. * p-value < 0.05, ** 
p-value < 0.01, *** p-value < 0.001, **** p-value <0.0001. 
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Figure 3.3. IFNmod administration reduced viral loads of SARS-CoV-2 infected 
RMs. (a) Study Design; n=18 RMs (6-20 years old, mean = 10 years; 10 males and 8 
females) were infected intranasally and intratracheally with SARS-CoV-2. 1 day prior to 
infection (-1 dpi), n=9 RMs started a 4-dose regimen of IFNmod (1mg/day) that continued 
up until 2 dpi while the other n=9 RMs remained untreated. RMs were sacrificed at 2 dpi 
(n=3 RMs per treatment arm), 4 dpi (n=3 RMs per treatment arm), or 7 dpi (n=3 RMs per 
treatment arm).  Levels of SARS-CoV-2 (b-e) gRNA N and (f-i) sgRNA E in BAL, 
nasopharyngeal swabs, throat swabs, and cranial (upper) lung, caudal (lower) lung, and 
hilar lymph nodes (LNs) of RMs. For BAL viral loads, n=9 RMs per treatment arm for -7 
and 2 dpi, n=6 RMs per treatment arm for 4 dpi, and n=3 RMs per treatment arm for 7 
dpi. For nasopharyngeal and throat swab viral loads, n=9 RMs per treatment arm for -7, 
1, and 2 dpi, n=6 RMs per treatment arm for 3 and 4 dpi, and n=3 RMs per treatment arm 
for 5 and 7 dpi. Lung and hilar LN viral loads are from RMs necropsied at 2 dpi (n=3 RMs 
per treatment arm). Untreated animals are depicted in red and IFNmod-treated animals 
are depicted in blue. Black lines in h-m represent median viral loads for each treatment 
group at each timepoint. Gray-shaded boxes indicate that timepoint occurred during 
IFNmod treatment. Statistical analyses were performed using non-parametric Mann-
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Whitney tests. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value 
<0.0001. 
 
 

 
Figure 3.4. IFNmod administration resulted in lower levels of lung pathology and 
inflammatory cytokines and chemokines in SARS-CoV-2-infected RMs. (a) 
Individual lung pathology scoring parameters, (b) total lung pathology scores, and (c) 
average lung pathology scores per lobe of RMs necropsied at 4 and 7 dpi (n=6 RMs per 
treatment arm). (d-k) Fold change of cytokines and chemokines in BAL fluid relative to –
7 dpi measured by mesoscale. One untreated animal was excluded from all mesoscale 
analysis due to abnormally high baseline levels. n=8 Untreated and 9 IFNmod for 2 dpi, 
n=5 Untreated and 6 IFNmod for 4 dpi, and n=2 Untreated and 3 IFNmod for 7 dpi. 
Untreated animals are depicted in red and IFNmod treated animals are depicted in blue. 
Black lines represent the median viral load, pathology score, or fold change in animals 
from each respective treatment group. Gray-shaded boxes indicate that timepoint 
occurred during IFNmod treatment. Statistical analyses were performed using two-sided 
non-parametric Mann-Whitney tests. * p-value < 0.05, ** p-value < 0.01, *** p-value < 
0.001, **** p-value <0.0001. 
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Figure 3.5. IFNmod-treated RMs had lower frequencies of CD14+CD16+ monocytes 
and expression of Siglec-1 compared to untreated RMs. (a) Representative staining 
of classical (CD14+CD16-), non-classical (CD14-CD16+), and inflammatory 
(CD14+CD16+) monocytes in peripheral blood throughout the course of infection with 
frequency as a percentage of total monocytes. (b-c) Frequency as a percentage of total 
monocytes and fold change relative to pre-infection baseline (-7 dpi) of inflammatory 
(CD14+CD16+) monocytes in peripheral blood. (d) Representative staining and (e) 
frequency as a percentage of total monocytes of Siglec-1+ CD14+ monocytes in 
peripheral blood. (f) Frequency as a percentage of CD14+ monocytes that were Siglec-
1+ in peripheral blood. (g) MFI of Siglec-1 on CD14+ monocytes in peripheral blood. 
Untreated animals are depicted in red and IFNmod treated animals are depicted in blue. 
In representative staining plots, frequencies of each quadrant are bolded. Black lines 
represent the median frequency or fold change in animals from each respective treatment 
group. Gray-shaded boxes indicate that timepoint occurred during IFNmod treatment. 
Statistical analyses were performed using two-sided non-parametric Mann-Whitney tests. 
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <0.0001.  
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Figure 3.6. IFNmod treatment suppresses gene expression of ISGs, inflammation, 
and neutrophil degranulation in the BAL of SARS-CoV-2 infected NHPs. Bulk RNA-
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Seq profiles of BAL cell suspensions obtained at -7 dpi (n=9 per treatment arm), 2 dpi 
(n=9 per treatment arm), 4 dpi (n=6 per treatment arm), and 7 dpi (n=3 per treatment 
arm). (a) Heatmap of longitudinal gene expression in BAL prior to and following SARS-
CoV-2 infection for the ISG gene panel. The color scale indicates log2 expression relative 
to the mean of all samples. Samples obtained while the animals were receiving IFNmod 
administration are depicted by a blue bar. (b) Distribution of log2 fold-changes of select 
ISGs relative to baseline. Filled dots represent the mean, and lighter dots are individual 
data points. Asterisks indicate statistical significance (padj < 0.05) of gene expression 
relative to baseline within treatment groups; black horizontal bars indicate BH corrected 
p-values of direct contrasts of the gene expression between groups at time-points (i.e. 
IFNmod vs Untreated) using the Wald test and the DESeq2 package. (c-e) GSEA 
enrichment plots depicting pairwise comparison of gene expression of 2 dpi samples vs -
7 dpi samples within treatment groups. The untreated group is depicted by red symbols, 
and data for the IFNmod treated group is shown in blue. The top-scoring (i.e. leading 
edge) genes are indicated by solid dots. The hash plot under GSEA curves indicate 
individual genes and their rank in the dataset. Left-leaning curves (i.e. positive enrichment 
scores) indicate enrichment, or higher expression, of pathways at 2 dpi, right-leaning 
curves (negative enrichment scores) indicate higher expression at -7 dpi. Sigmoidal 
curves indicate a lack of enrichment, i.e. equivalent expression between the groups being 
compared. The normalized enrichment scores and nominal p-values testing the 
significance of each comparison are indicated. Gene sets were obtained from the 
MSIGDB (Hallmark and Canonical Pathways) database. (f-h) Heatmaps of longitudinal 
gene expression after SARS-CoV-2. Genes plotted are the top 10 genes in the leading 
edge of gene set enrichment analysis calculated in panels c-e for each pathway in the 
Untreated 2 dpi vs -7 dpi comparison. (i-l) Longitudinal gene expression for selected 
DEGs in immune signaling pathways. The expression scale is depicted in the top right of 
panel a and is applicable to panels a, f, g, h, i, j, k, and l. 
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Figure 3.7. Effect of IFNmod treatment on gene expression of BAL single-cells 
using 10X. (n=6 Untreated, n=6 IFNmod except n=5 for Untreated -7dpi, IFNmod 4dpi, 
and IFNmod 7 dpi) (a) UMAP of BAL samples (62,081 cells) integrated using reciprocal 
PCA showing cell type annotations. UMAP split by treatment and time points are also 
shown. (b) Mapping of macrophage/monocyte cells in the BAL of SARS-CoV-2-infected 
untreated and IFNmod treated RMs to different lung macrophage/monocyte subsets from 
healthy rhesus macaque 433. (c) Percentage of different macrophage/monocyte subsets 
out of all the macrophage/monocytes in BAL at -7 dpi and 2 dpi from untreated and 
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IFNmod treated RMs. The black bars represent the median. Statistical analyses between 
treatment groups were performed using non-parametric Mann-Whitney tests. * p-value < 
0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <0.0001. (d) Violin Plots showing 
the percentage of viral reads in each cell for total macrophages/monocytes and individual 
macrophages/monocytes subsets at 2 dpi determined using the PercentageFeatureSet 
in Seurat. (e-h) Dot Plots showing expression of selected (e) ISGs, (f) inflammatory 
genes, (g) chemokines, and (h) inflammasome genes. The size of the dot indicates the 
percentage of cells that express a given a gene and the color indicates the level of 
expression. The numbers of CD16+ monocytes were very low and have been thus 
omitted. 
 
 

Figure 3.8.  Effect of IFNmod treatment on lung cells. (a) UMAP based on reciprocal 
PCA of lung single cells collected at 2 dpi (n = 2 Untreated, 2 IFNmod) and 7 dpi (n = 1 
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Untreated, 1 IFNmod). The cells were classified into four broad categories – epithelial, 
lymphoid, myeloid and others (stromal and endothelial). The cells from each category 
were subset and clustered separately. UMAPs for each category with cell type 
annotations are also shown. (b) Selected gene sets that were found to be enriched (p-
adjusted value < 0.05) in lung cells from untreated RMs at 2 dpi based on over-
representation analysis using Hallmark, Reactome, KEGG, and BioCarta gene sets from 
msigdb. The size of the dots represents the number of genes that were enriched in the 
gene set and the color indicates the p-adjusted value. The gene set id in order are: M983, 
M15913, M27255, M27253, M5902, M5890, M5921, M27250, M41804, M5897, M5932, 
M27698, M27251, M29666, M27436, M27895, M27897, M1014. (c-f) Dot plots showing 
gene expression in lung cells present at higher frequencies from untreated and IFNmod 
treated macaques at 2 dpi (c) ISG, (d) genes related to inflammasome, (e) inflammation, 
and (f) programmed cell death. The size of the dot represents the percent of cells 
expressing a given gene and the color indicates the average expression. 
 
 

Fig. 3.S1. IFNmod treatment initiated post-SARS-CoV-2 infection leads to reduction 
in viral RNA loads and inflammatory gene expression. (a) Overview of Calu-3 SARS-
CoV-2 cell culture setups with IFNmod (0.004, 0.04, and 0.4 µg/ml), IFNα (20, 100 and 
500 IU/ml), or Nirmatrelvir (0.1, 1, and 10µM) treatment initiated post-infection. (b) Viral 
N RNA copies/mL quantified by qRT-PCR and (c) normalized relative to the no treatment 
condition. Bars show the mean of 3 independent experiments (+/- SEM), each measured 
in technical duplicates.  Statistical analyses were performed using ordinary ANOVA with 
Dunnett's multiple comparisons test comparing IFNmod-treated samples to untreated 
samples. (d) mRNA fold induction of antiviral gene OAS1 and inflammatory gene CXCL10 
in SARS-CoV-2-infected Calu-3 cells following IFNmod (0.004, 0.04, or 0.4 µg/ml), IFNα 
(20, 100 and 500 IU/ml), or Nirmatrelvir (0.1, 1, and 10µM) treatment initiated post-
infection relative to untreated, uninfected control samples. Statistical analyses were 
performed using ordinary ANOVA with Dunnett's multiple comparisons test comparing 
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untreated, infected samples to treated, infected samples. * p-value < 0.05, ** p-value < 
0.01, *** p-value < 0.001, **** p-value <0.0001. 
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Fig. 3.S2. Administration of IFNmod was safe and well-tolerated in SARS-CoV-2-
infected RMs. (a) Longitudinal measurements of rectal temperature, heart rate, 
respiratory rate, and pulse oximetry in untreated SARS-CoV-2-infected RMs. n=9 RMs at 
-7, 1, and 2 dpi, n=6 RMs at 3 and 4 dpi, and n=3 RMs at 5 and 7 dpi. Statistical analysis 
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between timepoints was performed using two-sided Wilcoxon matched-pairs signed rank 
tests. * p-value < 0.05, ** p-value < 0.01.  (b) Longitudinal measurements and fold 
changes relative to pre-infection baseline of rectal temperature, heart rate, respiratory 
rate, and pulse oximetry in untreated and IFNmod-treated SARS-CoV-2-infected RMs. 
(c) Longitudinal measurements of body weight and changes in body weight from pre-
infection baseline calculated as percentages and fold changes in untreated and IFNmod-
treated SARS-CoV-2-infected RMs. (d) Cage-side scores, anesthetized scores, and total 
clinical scores of untreated and IFNmod-treated SARS-CoV-2-infected RMs. For panels 
b-d, n=9 RMs per treatment arm at -7, 1, and 2 dpi, n=6 RMs per treatment arm at 3 and 
4 dpi, and n=3 RMs per treatment arm at 5 and 7 dpi. Statistical analyses for panels b-d 
were performed using non-parametric Mann-Whitney tests. * p-value < 0.05, ** p-value < 
0.01, *** p-value < 0.001, **** p-value <0.0001. Black dotted horizontal lines indicate 
normal ranges for measured parameters for adult indoor RMs. Bolded red and blue lines 
indicate averages for Untreated and IFNmod-treated RMs respectively. Black bolded lines 
represent the median fold changes of measured parameters for animals from each 
respective treatment group. Red symbols indicate individual untreated animals and blue 
symbols indicate individual IFNmod animals. Gray-shaded boxes indicate that timepoint 
occurred during IFNmod treatment.   
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Fig. 3.S3. IFNmod reduced nasopharyngeal, BAL, and lung viral loads in SARS-
CoV-2-infected RMs. (a) sgRNA-E viral loads were repeated along with (b) sgRNA-N 
viral loads for BAL and nasopharyngeal swabs by a second lab. For BAL sgRNA-E and 
sgRNA-N, n=9 per treatment group at -7 and 2 dpi, n=6 per treatment group at 4 dpi, and 
n=3 per treatment group at 7 dpi. For nasopharyngeal swab sgRNA-E and sgRNA-N, n=9 
per treatment group at -7, 1, and 2 dpi, n=6 per treatment group at 3 and 4 dpi, and n=3 
per treatment group at 5 and 7 dpi. Levels of SARS-CoV-2 (c) gRNA and (d) sgRNA in 
cranial (upper) lung, caudal (lower) lung, and hilar lymph nodes (LNs) of RMs necropsied 
at all timepoints (n=9 per treatment group). Individual untreated animals are depicted by 
red symbols and individual IFNmod treated animals are depicted by blue symbols. Black 
lines represent the median viral load or score of animals from each respective treatment 
group. Statistical analyses were performed using non-parametric Mann-Whitney tests. * 
p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <0.0001. 
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Fig. 3.S4. Mx1 is more highly localized to viral foci in untreated SARS-CoV-2-
infected RMs and IFNmod treatment decreases lung pathology. Representative 
staining for (a) Mx1 and SARS-CoV-2 vRNA in lungs of untreated and IFNmod-treated 
RMs necropsied at 2 dpi. Right column contains zoomed-in images of black box regions 
in center column. (b) Scores for individual parameters of lung pathology, total lung 
pathology scores, and average pathology scores per lung lobe of RMs necropsied at 4 
dpi (n=3 RMs per treatment group) and 7 dpi (n=3 RMs per treatment group) respectively. 
Untreated animals are depicted in red and IFNmod treated animals are depicted in blue. 
Black lines represent the median viral load or score of animals from each respective 
treatment group. Statistical analyses were performed using non-parametric Mann-
Whitney tests. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value 
<0.0001. 
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Fig. 3.S5. Flow gating strategy and expression of Siglec1+ in BAL. (a) Gating 
strategy for innate immune cell phenotyping panel used in whole blood and BAL. (b) 
Frequency of CD14+ monocytes that were Siglec-1+ in BAL mononuclear cells and fold 
change relative to -7 dpi. (c) MFI of Siglec-1 on CD14+ monocytes in BAL mononuclear 
cells and fold change relative to -7 dpi. n=9 RMs per treatment group at -7 and 2dpi, n=6 
RMs per treatment group at 4dpi, and n=3 RMs per treatment group at 7 dpi. Untreated 
animals are depicted in red and IFNmod treated animals are depicted in blue. Black lines 
represent the median frequency or fold change in animals from each respective treatment 
group. Gray-shaded boxes indicate that timepoint occurred during IFNmod treatment. 
Statistical analyses were performed using two-sided non-parametric Mann-Whitney tests. 
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <0.0001. 
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Fig. 3.S6. IFNmod treatment does not impact SARS-CoV-2-specific T cell or 
neutralizing antibody responses. (a) Gating strategy for identifying IFNγ, TNFα, or IL-
2 positive CD8+ and CD4+ T cells. IFNγ, TNFα, or IL-2 frequency levels in CD4+ and 
CD8 + T cells from 7 dpi PBMCs following ex-vivo stimulation with SARS-CoV-2 (b,c) S 
peptide pool and (d,e) NCAP. (f) SARS-CoV-2 pseudovirus neutralizing antibody titers in 
7 dpi serum. Statistical analyses were performed using two-sided non-parametric Mann-
Whitney tests. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value 
<0.0001. 



   

 181 

  



   

 182 

Fig. 3.S7. Gene expression in BAL in rhesus macaques infected with SARS-CoV-2 
after treatment with IFNmod. Log2 fold-changes in (a) ISGs, (b) IRFs (IRF1, IRF7, 
IRF9), and CXCR3 ligands (CXCL10, CXCL11, and CXCL9) in the BAL of untreated and 
IFNmod-treated SARS-CoV-2-infected RMs relative to pre-infection baseline (-7 dpi). (c) 
Violin plot showing the longitudinal normalized RNA-seq read counts of CLEC4C in BAL 
of untreated and IFNmod-treated SARS-CoV-2-infected RMs. (d) Normalized RNA-seq 
read counts of pDC-specific marker CLEC4C and IFNA genes in the BAL of untreated 
and IFNmod-treated SARS-CoV-2-infected RMs at 2 dpi. Filled dots represent the mean, 
and lighter dots are individual data points (n=9 per treatment arm at -7 and 2 dpi, n=6 
RMs per treatment arm at 4 dpi, and n=3 RMs per treatment arm at 7 dpi). Asterisks 
indicate statistical significance (padj < 0.05) of gene expression relative to baseline within 
treatment groups; black horizontal bars indicate BH corrected p-values of direct contrasts 
of the gene expression between groups at time-points (i.e. IFNmod vs Untreated) using 
the Wald test and the DESeq2 package. Vertical colored bars depict the standard 
deviation of each distribution.   



   

 183 

 
 
Fig. 3.S8. Gene expression in PBMCs and whole blood in rhesus macaques 
infected with SARS-CoV-2 after treatment with IFNmod. (a) Heatmap of longitudinal 
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gene expression in PBMCs after SARS-CoV-2 infection for the ISG panel (n=9 RMs per 
treatment arm at -7, 0, 1, and 2 dpi, n=6 RMs per treatment arm at 4 dpi and n=3 RMs 
per treatment arm at 5 and 7 dpi). The color scale indicates log2 expression relative to 
the mean of all samples. Samples obtained while the animals were receiving IFNmod 
administration are depicted by a blue bar. (b) Heatmap depicting log-fold changes for 
DEGs in significantly enriched type I interferon signaling pathways for both IFNmod and 
untreated animals in whole blood. (c) Median logCPM values for genes in the type I 
interferon signaling pathways in whole blood. (d) Heatmap of longitudinal gene 
expression in PBMCs after SARS-CoV-2 infection for genes in the IL-6 JAK/STAT 
pathway (sample numbers as for panel a). The color scale depicted in panel a is 
applicable to panel d. Samples obtained while the animals were receiving IFNmod 
administration are depicted by a blue bar. (e) Heatmap depicting log-fold changes for 
DEGs in significantly enriched innate immune response pathways for both IFNmod and 
untreated animals in whole blood. (f) Median logCPM values for genes in the innate 
immune response pathway in whole blood. 
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Fig. 3.S9. Expression of marker genes in BAL single-cells. (n=6 Untreated, n=6 
IFNmod except n=5 for Untreated -7dpi, IFNmod 4dpi, and IFNmod 7 dpi) (a) UMAP of 
BAL samples colored by clusters determined using Seurat and annotated cell types. (b) 
Dot Plot showing expression of canonical marker genes in seurat clusters. (c) Dot Plot 
showing expression of canonical marker genes in annotated cell types. (d) Percentage of 
each cell type out of all BAL cells in a given sample. The black bar represents the median. 
Two-tailed Mann-Whitney test was used to calculate p-values.  * p-value < 0.05, ** p-
value < 0.01, *** p-value < 0.001, **** p-value <0.0001. (e-g) Dot Plot showing expression 
of select ISGs, inflammatory cytokines, chemokines, inflammasome-related and receptor 
genes in (e) myeloid cells (neutrophils excluded due to low frequency), (f) lymphocytes, 
and (g) epithelial cells.   
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Fig. 3.S10. Effect of IFNmod treatment on different BAL cell types. (n = 6 Untreated, 
n = 6 IFNmod except n=5 for Untreated -7dpi, IFNmod 4dpi, and IFNmod 7 dpi) (a) UMAP 
showing BAL macrophages/monocytes mapped to the reference macrophage/monocytes 
from lungs of healthy rhesus macaques. The UMAP split by time point and treatment are 
also shown. (b) Expression of marker genes for macrophage/monocyte subsets in BAL. 
(c) Percentage of different macrophage/monocyte subsets out of all the 
macrophages/monocytes in BAL at different time points between the untreated and 
IFNmod treated rhesus macaques. The black bars represent the median. Two-tailed 
Mann-Whitney test was used to calculate p-values. * p-value < 0.05, ** p-value < 0.01, 
*** p-value < 0.001, **** p-value <0.0001. Violin plots showing the percentage of viral 
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reads in BAL (d) total macrophages/monocytes and (e) individual macrophage/monocyte 
subsets between the untreated and IFNmod treated macaques at different time points. 
The percentages were determined using the PercentageFeatureSet in Seurat for SARS-
CoV2 genes. CD16+ monocytes were very excluded due to low frequency.  
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 Fig. 3.S11. Cell annotation of lung samples (n = 2 Untreated, 2 IFNmod at 2dpi and n 
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= 1 Untreated, 1 IFNmod at 7dpi). The cells were divided into four major categories - (a) 
epithelial, (b) lymphoid, (c) myeloid, and (d) other (stromal and endothelial) and clustered 
separately. The clusters so obtained were annotated based on the expression of 
canonical markers. For each category, a UMAP and a DotPlot with canonical marker 
genes are shown based on seurat clustering. The second UMAP shows the cell type 
annotations based on the expression of marker genes. 
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Fig. 3.S12. Effect of IFNmod treatment on gene expression of lung cells (n = 2 
Untreated, 2 IFNmod at 2dpi and n = 1 Untreated, 1 IFNmod at 7dpi). (a) Enrichment of 
gene sets in lung cell types that were present at low frequency at 2 dpi based on over-
representation analysis using Hallmark, Reactome, KEGG, and BioCarta gene sets from 
msigdb. Selected gene sets that were enriched in untreated RM samples at 2 dpi (p-
adjusted value < 0.05) are shown. The size of the dots represents the number of genes 
that were enriched in the gene set and the color indicates the p-adjusted value. The gene 
set id in order are: M983, M15913, M27255, M27253, M5902, M5890, M5921, M27250, 
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M41804, M5897, M5932, M27698, M27251, M29666, M27436, M27895, M27897, 
M1014. (b-h) Dot plots showing gene expression in lung cells (neutrophils not shown due 
to low frequency) from untreated and IFNmod treated animals. (b) Expression of ISG in 
cells present at low frequencies at 2 dpi. (c) Expression of ISGs in all lung cells at 7 dpi. 
(d) Expression of genes related to response to heat stress in lung cells that were present 
at higher frequencies at 2 dpi. Expression of genes related to (e) inflammasome, (f) 
inflammation, (g) programmed cell death, and (h) response to heat stress at 2 dpi in lung 
cell types that were present at low frequencies.  
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Chapter Three Tables 
 

Table 3.S1. Uninfected and SARS-CoV-2-infected macaque characteristics. Animal 
ID. Sex. Age in months and weight at beginning of study in kg. Infection status. Treatment 
group assignment. Day post infection that necropsy was performed. Annotated symbol in 
figures. For infected animals, open symbols indicate that the animal was necropsied at 4 
dpi or 7 dpi while filled symbols indicate that the animal was necropsied at 2 dpi. 
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Table 3.S2. Coronavirus Vaccine and Treatment Evaluation Network (CoVTEN) 
standard clinical assessment for cage-side scores, related to Fig. 3.S2b. Cage-side 
scores were performed at 0, 1, 2, 3, 4, 5, and 7 dpi and added to anesthetized scores to 
obtain the total clinical score for each dpi. Cageside scores were based on 
responsiveness, discharges, respiratory rate, respiratory effect, cough, and fecal 
consistency and were completed prior to anesthesia.   
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Table 3.S3. Coronavirus Vaccine and Treatment Evaluation Network (CoVTEN) 
standard clinical assessment for anesthetized scores, related to Fig. 3.S2b. 
Anesthetized scores were performed at 0, 1, 2, 3, 4, 5, and 7 dpi and added to cageside 
scores to obtain the total clinical score for each dpi. Anesthetized scores were based on 
discharges, respiratory character, and hydration. Body weights (kg), body condition 
scores, respiratory rates (bpm), SpO2 (%), and rectal temperatures (°F) were also 
recorded during anesthetic accesses. 
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Chapter Four: Discussion 

The COVID-19 pandemic has resulted in significant morbidity and mortality, with 

over 770 million confirmed cases of SARS-CoV-2 infection and 6.9 million COVID-19-

related deaths 13. Although COVID-19 vaccines have been shown to be effective in 

protecting against severe disease, the emergence of variants of concern that are capable 

of evading vaccine-induced immunity and immunity from natural infection is a significant 

threat to global health. At present, SARS-CoV-2 variant EG.5 is the fastest growing 

variant in multiple areas of the world and COVID-19 test positivity, wastewater levels, 

hospitalizations, and deaths are on the rise, with COVID-19 related deaths increasing by 

17.6% within the U.S. in the last week alone 29. Although it is unclear if EG.5 is driving the 

current COVID-19 wave, this new variant has been shown to possess mutations that are 

linked to increased transmissibility and decreased susceptibility to antibodies induced by 

current vaccines 446. In addition to the threat of EG.5, the emergence of SARS-CoV-2 

variant BA.2.86 which possesses 30 mutations in its spike protein compared to XBB.1.5 

is of great concern 228. 

While vaccines are actively being updated to keep up with the emergence of these 

new variants, there is a significant need for effective COVID-19 therapeutics to treat 

individuals with breakthrough infections and those that are unvaccinated.  Current 

therapies approved or authorized for emergency use in COVID-19 patients are limited 

and some of these medications have multiple drug interactions or are contraindicated in 

populations that are most at-risk for severe disease such as patients with chronic kidney 

disease 447. The identification of SARS-CoV-2 clinical isolates that are resistant to 

approved direct-acting antivirals such as Paxlovid underscores the importance for 
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expanding available treatment options, pursuing more broad-spectrum antivirals such as 

host-directed antivirals, and potentially administering a combination of antivirals to 

prevent the emergence of treatment-resistant strains 448. Additionally, while currently 

available therapies have been shown to reduce mortality rates in severe and critical 

COVID-19 patients, mortality in treated patients still remains high, necessitating the 

development of more effective treatment options 449. 

Although some cases of COVID-19 progress to severe and even critical disease, 

the majority of individuals experience mild to moderate disease 26. Currently, there are 

several therapeutics approved for use in patients with mild to moderate COVID-19 that 

are at high risk of progressing to severe disease including Nirmatrelvir/Ritonavir, 

Remdesivir, and Molnupiravir 239. However, to date, no therapeutic has been approved 

for the treatment of individuals with mild to moderate infection who have not been defined 

as being at high risk for progressing to severe disease. The development of a therapeutic 

capable of reducing the duration of viral shedding and time to symptom resolution in 

individuals with mild to moderate COVID-19 not only has the capacity to reduce the 

spread of SARS-CoV-2 but also lessen the economic burden of COVID-19. Additionally, 

given that individuals who have had mild to moderate COVID-19 are still susceptible to 

developing long COVID/ post-COVID syndrome, the identification of therapeutics that are 

effective at mitigating this risk is of great importance 450. 

In order to develop more targeted and effective therapies, it is essential that further 

research is conducted to more fully characterize SARS-CoV-2 pathogenesis and 

immune-mediated pathology. Animal models of SARS-CoV-2 infection continue to play 

important roles in advancing COVID-19 research, allowing for the control of key 
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parameters and the collection of tissues otherwise not available in human studies.  Given 

the wide spectrum of disease that is observed in individuals with COVID-19, it is essential 

that animal models that mimic the pathogenesis of mild, moderate, and severe COVID-

19 are utilized. Rhesus macaques are physiologically and genetically similar to humans 

and, like humans, the majority of SARS-CoV-2-infected rhesus macaques develop mild 

to moderate COVID-19. Therefore, we believe that the NHP model of SARS-CoV-2 

remains uniquely appropriate to investigate SARS-CoV-2 pathogenesis and to develop 

novel therapies for mild and moderate COVID in humans.  

 Use of the rhesus macaque model of SARS-CoV-2 infection in both of the included 

studies enabled us to control for parameters that may impact clinical outcome in humans 

(i.e., virus strain, dose, and route of challenge) and allowed us to perform both longitudinal 

collections of BAL fluid and in-depth histological examination of lung tissues at necropsy. 

Furthermore, use of an RM model enabled the characterization of some of the earliest 

immune events following infection, something that would only be possible in humans 

through SARS-CoV-2 human challenge studies, the ethics of which are hotly debated due 

to potential risk for developing severe disease or post-COVID syndrome. As such, these 

studies produced an unprecedented in-depth mechanistic characterization of the early 

immunological events following SARS-CoV-2 infection and the effect of baricitinib and 

IFNmod on COVID-19 pathogenesis, including single-cell RNA sequencing analyses of 

BAL and lung-derived cells (i.e., macrophages, epithelial cells, endothelial cells, etc.) at 

the peak of infection. 

Previously, our group showed that myeloid cells were primarily responsible for the 

production of pro-inflammatory cytokines in the lower airways of SARS-CoV-2-infected 
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RMs at 4 days post infection 173. Here, we identified the specific myeloid subsets 

contributing to these pro-inflammatory cytokines as CD163+MRC1+TREM2+ and 

CD163+MRC1− macrophages and show that these two populations infiltrate into the 

lower airways of RMs during hyperacute SARS-CoV-2 infection. We also show that 

baricitinib, a JAK1/JAK2 inhibitor that was the first immunomodulatory agent FDA 

approved for the treatment of COVID-19, was able to reduce the infiltration of both of 

these macrophage populations and decrease the expression of pro-inflammatory 

cytokines. Importantly, comparative analysis of our NHP sc-RNA-Seq data with published 

human studies showed that the CD163+MRC1+TREM2+ and CD163+MRC1− 

macrophages that we had defined transcriptionally in NHPs had analogous populations 

in the human lung, further supporting the relevance of NHPs as a model for human SARS-

CoV-2 infection.  

In the first included study, we also observed an increase in pDCs in the lower 

airway following SARS-CoV-2 infection, consistent with what was observed by Laurent et 

al. in patients with mild COVID-19 390. This increase in pDCs coincided with the peak of 

IFN-I signaling in SARS-CoV-2-infected RMs. Since the role of IFN-I in regulating SARS-

CoV-2 replication and pathogenesis is incompletely understood and carries important 

clinical and therapeutic implications for COVID-19 patients, we pursued a second study 

to dissect the role of this early IFN response in SARS-CoV-2 infection using the rhesus 

macaque model. Here, we present the first in vivo study showing the direct impact of 

blocking IFN-I using IFNmod in SARS-CoV-2 infected RMs. The key result of this study 

is that IFNmod treatment was highly effective in attenuating antiviral and inflammatory 

ISGs in PBMCs, whole blood, BAL, and lung of SARS-CoV-2 infected RMs when initiated 
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pre-infection. Based on the results of previous studies, one may expect that a lower IFN-

I response would be associated with higher viremia114, 119, 354, 355. However, we found that 

IFNmod-treated SARS-CoV-2-infected RMs consistently showed: (i) >3 log10 reduction of 

viremia in upper and lower airways, (ii) decreased COVID-19 pathogenesis; (iii) 

attenuation of canonical pro-inflammatory genes and pathways; and (iv) markedly 

reduced levels of soluble and cellular markers of inflammation and disease severity, as 

compared to treatment-naïve, SARS-CoV-2-infected controls. In addition, our single-cell 

transcriptomic analyses of BAL and lung-derived cells showed a central role of IFN-I in 

regulating the axis of infiltrating macrophages and subsequent inflammation within the 

airway and lung interstitium, and demonstrated that targeted modulation of the IFN-I 

system during early SARS-CoV-2 infection reduces the level of cell-associated virus on 

macrophages and suppresses the induction of the inflammasome.  

 There are several limitations of the two included studies. For both studies, we were 

unable to validate the scRNAseq findings pertaining to BAL macrophages through 

conventional flow cytometry. This was due to the autofluorescence of the large population 

of macrophages in the BAL in multiple channels, which prohibited us from confidently 

identifying CD163+/CD206+ BAL macrophages. Importantly, however, we did not 

observe autofluorescence in the smaller monocyte population in the BAL, thereby 

supporting that our flow cytometry data on the smaller monocyte population in both 

studies is robust. 

 Furthermore, in the second study, we were not able to directly determine if IFNmod 

treatment reduced inflammatory responses in SARS-CoV-2-infected animals i) solely due 

to it inhibiting endogenous IFN-I responses or ii) if the lower viral loads in IFNmod-treated 
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animals were also contributing to lower inflammatory responses. Importantly, we showed 

in Calu-3 cells that IFNmod treatment in the presence of IFNα (and absence of SARS-

CoV-2 infection) potently inhibits both antiviral and pro-inflammatory IFN-I pathways. 

Thus, IFNmod was shown in vitro to reduce inflammation independent of viral loads. 

Furthermore, in vivo we show that despite viral loads being similar between treated and 

untreated animals at 4 and 7dpi, IFNmod-treated RMs still experienced significantly lower 

levels of inflammation, including (i) lower frequency of blood CD14+CD16+ monocytes 

and pDCs; (ii) decreased expression of IL-6 JAK/STAT, TNF, inflammatory cytokine and 

chemokine genes; and (iv) reduced total lung pathology score and average score per lung 

lobe. However, when we compared the effect of direct inhibition of SARS-CoV-2 viral 

replication with Nirmatrelvir vs. IFNmod treatment on the expression of antiviral and 

inflammatory ISGs in vitro, we found that both treatments resulted in a potent reduction 

in CXCL10 mRNA, supporting the idea that reduction of viral loads is associated with 

reduced inflammation. Taken together, these data indicate that the reduced inflammation 

observed in SARS-CoV-2-infected, IFNmod-treated RMs may be influenced by both 

inhibition of endogenous IFN-I responses as well as the lower viral loads. 

While IFNmod significantly decreased viral loads and pathology when initiated pre-

infection in the rhesus macaques in our study, it is important to note that the using IFNmod 

clinically as a COVID-19 prophylactic has low feasibility. Previous studies administering 

IFNmod in uninfected rhesus macaques (referred to as IFN1ant) reported that IFNmod 

had a relatively short half-life, resulting in a need for daily dosing 397. While this short life-

span was part of the rationale for our mechanistically-oriented study where we wanted to 

modulate the IFN-I pathways only at the very early phase of infection, this short half-life 
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would make prophylactic treatment in the setting of a multi-year-long pandemic with a 

respiratory virus difficult and long-term treatment may not be well-tolerated. A prophylactic 

similar to Evusheld, a combination of anti-SARS-CoV-2 monoclonal antibodies previously 

authorized for use as a COVID-19 prophylactic that required dosing once every six 

months, would be a much more practical option 451. Furthermore, although we show that 

IFNmod results in a decrease in viral RNA when administered post-SARS-CoV-2-

infection in Calu-3 cells, we did not conduct post-infection IFNmod treatment initiation in 

RMs. Therefore, very limited conclusions can be drawn from our study about IFNmod as 

a candidate COVID-19 therapeutic. 

Importantly, IFNmod was previously observed to have vastly different effects in 

rhesus macaques when it was administered during different phases of SIV infection. 

While IFNmod administration during acute SIV infection was shown to lead to an increase 

in the SIV reservoir size and a faster rate of CD4 T cell decline and progression of AIDS, 

IFNmod had beneficial effects in chronically SIV-infected animals that were ART-

suppressed or ART-untreated, resulting in the suppression of IFN-I-mediated 

inflammatory pathways 368, 397. The stark differences in the effects of IFNmod initiated at 

different post-SIV infection timepoints highlights the importance of timing in IFN 

responses to viral infections as well as the importance for determining the optimal 

treatment window for IFNmod in SARS-CoV-2 infection.  

While further studies are needed to evaluate IFNmod as a candidate therapeutic, 

our in vivo mechanistic study supports a critical role of IFN-I in regulating COVID-19 

pathogenesis. Together, our two studies contribute to a deeper understanding of the early 

immune events in hyperacute SARS-CoV-2 infection and support a model where an early 
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and controlled IFN-I response is beneficial following SARS-CoV-2 infection, whereas 

uncontrolled IFN-I-signaling leads to an influx of inflammatory macrophages in the lower 

airways and critically contributes to SARS-CoV-2 inflammation.  
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