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Abstract 

Lessons from One Pandemic to Another: HIV and SARS-CoV-2 

By Timothy N. Hoang 

The latent HIV reservoir is comprised of a subset of long-lived HIV-infected CD4+ T cells that can 
persist during antiretroviral therapy (ART) and constitutes the main barrier to achieving HIV 
remission. Understanding the anatomical residence of the viral reservoir and the nature of the 
cells that harbor latent virus would aid in the design of therapeutics targeted at the 37.6 million 
people worldwide living with HIV. Using the clinically relevant non-human primate model for HIV 
infection and clinical specimens, we sought to investigate the poorly characterized role played by 
the bone-marrow (BM) compartment in HIV pathogenesis and viral persistence.  
 
We tracked the longitudinal kinetics of BM derived CD4+ T cells before and following SIV infection 
and evaluated their contribution to the viral reservoir during ART. We found that BM derived 
memory CD4+ T cells were rapidly depleted following SIV infection, expressed high levels of PD-
1 and CTLA-4, recently proliferated (Ki-67+), and harbored SIV-DNA and SIV-RNA at levels akin 
to that of circulating memory CD4+ T cells. In summation, the BM compartment is a site of viral 
persistence that remains largely understudied and has a vital contribution to HIV viral persistence.  
 
During late 2019 and the beginning of 2020, there was a rapid emergence and dissemination of 
a viral infection that caused pneumonia. This virus was then named SARS-CoV-2 and determined 
to be the causative agent behind the COVID-19 pandemic. Infection with SARS-CoV-2 is rapidly 
followed by induction of systemic inflammation, disease pathogenesis, and infiltration of immune 
cells into the respiratory tract. Using non-human primates, we sought to understand the underlying 
mechanisms driving systemic inflammation, disease pathogenesis, and evaluate the efficacy of 
immune modulators.  
 
We tested baricitinib, which is a Janus Kinase (JAK) 1 and 2 inhibitor that is approved for 
treatment of active rheumatoid arthritis. It was reported that baricitinib could have two beneficial 
treatment modalities: anti-viral and anti-inflammatory properties. Viral shedding patterns in the 
bronchoalveolar lavage and nasal/throat swabs were not reduced with baricitinib. However, 
animals treated with baricitinib exhibited a profound decrease in inflammation, lung pathology, 
infiltration of inflammatory cells, and NETosis activity. These data support a beneficial role for 
using baricitinib during acute infection and elucidate the mechanism of action to mitigate disease 
severity.  
 
In addition, we were interested in the role that type-I interferons (IFN-I) play following SARS-CoV-
2 infection. To understand this, we modulated IFN-I signaling using an IFN-I antagonist (IFNant) 
prior to infection through day 2 of infection in non-human primates. Remarkably, IFNant treatment 
resulted in a highly significant and consistent reduction in viral load in the lower and upper airways. 
Furthermore, treatment with IFNant potently reduced soluble markers of inflammation in 
bronchoalveolar lavage (BAL) fluid, expansion of inflammatory monocytes, and pathogenesis in 
the lung. Thus, IFNant treatment resulted in limited viral replication and reduction of inflammation 
and pathogenesis in SARS-CoV-2-infected RMs. These data indicate a vital and early role of IFN-
I in regulating COVID-19 progression and emphasize the importance of identifying and 
understanding IFN-I pathways in COVID-19 for the development of therapeutic strategies. 
 
These studies highlight the importance of non-human primates as models to understand 
infectious disease dynamics and therapeutic modalities. Taken together, these diverse studies 
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across two different infection models underlie the importance of understanding the immune 
response following infection, the key determinants of pathogenesis, and how to target these 
pathways for therapeutic benefit. 
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Chapter One: Introduction – HIV and SARS-CoV-2 

Discovery and origins of HIV/AIDS 

Human immunodeficiency virus (HIV) is the causative agent that results in individuals 

developing acquired immune deficiency syndrome (AIDS) (1, 2). Currently, there are 37 million 

people living with HIV, with 1.8 million new infections and 1 million HIV-related deaths due to 

complications occurring each year. The first cases of AIDS in the U.S. were reported in 1981 

when a group of previously healthy, homosexual men in New York City and Los Angeles perished 

due to Pneumocystis pneumonia and Kaposi’s sarcoma respectively, which only occur in 

individuals who are severely immunocompromised (2, 3). Shortly after these events, Drs. Luc 

Montagnier and Françoise Barré-Sinoussi identified HIV as the virus that caused AIDS for which 

they won the Nobel Prize in Physiology or Medicine in 2008 (1, 2).  

HIV is subdivided into two species; HIV-1 and HIV-2. HIV-1 is characterized by its high 

virulence and infectivity, global distribution, whereas, HIV-2 is less virulent and infectious and 

confined to West Africa (4). Sequencing of HIV-1 and HIV-2 has revealed that HIV-1 is closely 

related to SIVcpz (common chimpanzee) and HIV-2 is closely related to SIVSMM (sooty mangabey) 

(5-7). It is thought that SIV was able to jump the species barrier on at least four different occasions, 

resulting in the four groups (M, N, O, and P) (8-10). There is also supportive evidence that individuals 

who participated in the bushmeat trade (hunters or vendors) were infected by SIV, leading to the 

evolution of HIV and subsequent spread across the globe.  

Group M is the most common type of HIV-1, as it currently accounts for >90% of HIV/AIDS 

cases (11). Group M viruses are further divided into nine clades (A, B, C, D, F, G, H, J, and K), in 

addition to the nine clades there are also hybrid viruses (circulating recombinant form; CRFs) (11). 

Subtypes A and D are predominantly found in Eastern Africa, subtype C is found in Southern 
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Africa and parts of Asia, and subtype B is the dominant form in the Americas, Europe, and 

Australia (12, 13).        

Viral properties and lifecycle of HIV  

HIV is a single-stranded, positive-sense, enveloped RNA (+ssRNA) virus belonging to the 

lentivirus group and a part of the retroviridae family (14). HIV primarily targets cells of the human 

immune system such as CD4+ T cells, macrophages, and dendritic cells (15). The HIV genome is 

9.2 kilobases (kb) in length and can encode genes for structural and accessory proteins. Within 

each HIV virion are two copies of the genome, reverse transcriptase, integrase and protease. The 

three main structural proteins are gag, pol, and env and the accessory proteins are tat, rev, nef, 

vpr, vif, and vpu  (16). Gag encodes for core and matrix proteins which are necessary components 

of the viral core. Pol encodes proteins for viral infection and replication. Env will encode the 

transmembrane glycoproteins gp120 and gp41, that assemble as trimers on the surface of the 

virion and serve to bind to target cell receptors and co-receptors for viral entry. The accessory 

proteins are utilized for viral production and dampening host response, such as nef 

downregulating CD4, MHC-I, and MHC-II molecules; whereas, Tat enhances efficiency of viral 

transcription. 

In order for HIV to enter a target cell, gp120 on the surface of the virion binds to its target 

receptor, CD4, which induces a conformational shift in gp120 exposing its co-receptor binding site 

which then binds to either CCR5 or CXCR4 depending on the tropism of the virus (17-23). Gp41 is 

the fusion peptide acting as a hydrophobic harpoon that allows for fusion of the viral envelope to 

the cell membrane where the virus can then enter the cell and uncoat (24, 25). Upon entry into its 

target cell, HIV will utilize reverse transcriptase that it shuttles in to convert its RNA genome into 

double-stranded DNA (dsDNA). The resulting dsDNA is then translocated to the nucleus and 

integrates into host DNA, with increased frequency at activated genes, via integrase and other 

co-factors. Reverse transcriptase is also highly error prone, which allows for rapid viral evolution 
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and the establishment of viral diversity as there is an average one nucleotide swapped per 

replication (26-28). Once inside the host cell, HIV will hijack host machinery to replicate and 

disseminate to infect other cells.   

HIV/SIV pathogenesis and immune dysregulation  

HIV infection occurs via the transfer of bodily fluids (blood, semen, vaginal secretions, and 

breastmilk) from an infected individual. Based on current statistics, most occurrences of HIV 

transmission are due to heterosexual transmission (29-31). However, there is a sizable rate of 

transmission in homosexual populations and intravenous (IV) drug users, with a small proportion 

of transmission occurring in mother-to-child settings (32, 33).  

The risk of transmission following an exposure event has been deemed to be relatively low, 

with 1 transmission event per 200-2000 exposures in male-to-female and 1 transmission per 700-

3000 exposures in female-to-male heterosexual transmission (34).  Viral transmission can be 

achieved either by free virus present in fluids or alternatively the transfer of infected cells between 

partners(35). A study by Derdeyn et al. showed that primary infection is achieved by one viral 

variant termed the ‘transmitted founder’ virus that is able to establish the infection in the mucosa, 

this variant is classically described to have the highest viral fitness (36, 37). After this initial 

transmission event, the virus that seeds the infection rapidly expands to infect other target cells 

and then disseminates to lymphoid tissue and inducing a systemic infection. HIV replicates 

continuously throughout the course of an untreated and uncontrolled infection, where it is able to 

evade host immune response via accessory proteins and rapid mutations to epitopes that can be 

targeted by CD8+ T cells and antibodies (38-41).  

HIV is able to disrupt the adaptive immune response as it primarily targets CD4+ T cells, or 

helper T cells, which play vital roles in aiding cytotoxic T cells and the development of antibody 

responses (42). During acute HIV and SIV infection, there is a preferential and significant loss of 

memory CD4+ T cells from mucosal sites (43, 44). At the height of infection, 30-60% of memory CD4+ 
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T cells are infected, with most infected cells dying within four days of infection (44). Mucosal site 

memory CD4+ T cells are highly infected due to their high expression of CCR5 and being in a 

relatively activated state, thus are the ideal target cells for HIV (17, 18, 20, 45, 46). In pathogenesis 

studies of SIV infection, it has been seen that after infection is established within the mucosa, SIV 

is rapidly disseminated to local and distant tissues including lymph nodes, spleen, thymus, and 

mucosal tracts (42, 47-50). In situ hybridization of SIV and HIV RNA probes also shows that there is 

a higher frequency of infected CD4+ T cells within lymph nodes and mucosal tracts during the 

chronic phase of infection (42, 50-53). In the absence of any ART, HIV establishes itself as a chronic 

and progressive infection that over the span of several years leads to destruction of the adaptive 

immune system and fatal immunodeficiency (42).    

Clinical symptoms of an HIV infection are similar to that of flu with indications that include a 

high fever, sore throat, rash, and lymphadenopathy. These symptoms tend to resolve if immediate 

medical attention is sought. In the acute symptomatic phase of HIV infection, which lasts for a few 

weeks, there is an association with high viremia, significant decline in levels of peripheral CD4+ T 

cells, establishment of a viral reservoir, and development of an HIV-specific immune response (42, 

54-67). Early infection results in rapid depletion of CD4+ T cells in the gastrointestinal tract, leading 

to microbial translocation and results in systemic immune activation and inflammation (42). 

Following this acute phase, the plasma viremia decreases to set point, there is a slight increase 

to numbers of peripheral CD4+ T cells, followed by an asymptomatic phase of chronic infection 

lasting on average of 10 years (42). Following this chronic phase, is a marked but steady decline 

of peripheral CD4+ T cells and increased plasma viremia. During this phase, CD4+ T cell counts 

can decline to <200 cells/µL (AIDS), at which point, opportunistic infections and tumors that are 

AIDS related take hold (42).   
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Immune response to HIV 

Prior to triggering any sort of adaptive immune response, HIV induces a rapid response from 

the innate immune system. We have germline encoded host-restriction factors that serve to 

rapidly respond to viral antigen, with the primary role being to limit viral replication. TRIM5a which 

is present within the cytoplasm can recognize specific motifs present on viral capsid proteins and 

prevents the virus from uncoating, thereby preventing reverse transcription and transport into the 

nucleus (68-70). Another restriction factor, tetherin, prevents spreading of infection by preventing 

viral particles from budding and is able to promote an inflammatory response (71). APOBEC3G 

interferes with viral replication by acting as an activation-induced cytidine deaminases (AID) to 

induce deoxycytidine to deoxyuridine mutations of the negative strand of the viral DNA  (72-74).   

The innate immune response is not limited to just restriction factors, but there is also a cellular 

response that occurs prior to the adaptive response. Studies in SIV infected rhesus macaques 

(RMs) have elucidated the early events following infection, particularly at mucosal sites. After 

infection, there is a rapid expansion of plasmacytoid dendritic cells (pDCs), and a large induction 

of pro-inflammatory cytokines and chemokines, such as IFNa and TNFa (75-77). All together, these 

early events result in the recruitment of innate and adaptive immune cells following infection. 

There is also a rapid induction of genes related to innate immune signaling and inflammation (78-

83). Acting differently from restriction factors, pathogen recognition receptors (PRRs) of the innate 

immune system recognize different components of viruses (viral particles, intracellular virus, and 

endogenous viral elements) to induce a rapid response. If activated on an antigen-presenting cell 

(APC), these PRRs will induce the upregulation of MHC molecules and costimulatory molecules 

to induce the activation and differentiation of naïve T cells. Viral RNA can also trigger TLR7 and 

TLR8 responses (84).  

A phenomenon termed ‘microbial translocation’ has been described by Brenchley et al. that 

links damage of the gut mucosa to systemic inflammation during chronic infection and progression 
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to AIDS (85). CD4+ T cells within the gut are targeted and depleted during infection (86, 87). Within 

the CD4+ T cell populations, TH17 CD4+ T cells play a vital role in the maintenance of barrier 

integrity, and their depletion results in a ‘leaky gut’ where bacterial and bacterial products such 

as lipopolysaccharide (LPS) can escape and induce systemic inflammation and immune 

activation by binding to TLR4 (85). Several SIV studies have shown that viral replication within 

lymphoid organs, such as lymph nodes, induces a robust and rapid IFN-I response in both 

pathogenic and non-pathogenic conditions (88, 89). This upregulation of interferon stimulated genes 

(ISGs) is resolved in non-pathogenic infections, but remains elevated in pathogenic conditions, 

which could be a mechanism of viral persistence (78-83). Natural killer (NK) cells have also been 

described to have a vital role in the control of non-pathogenic infection. Huot et al. demonstrated 

that the depletion of NK cells by blocking IL-15 resulted in viral replication and CD4+ T cell 

depletion in African Green Monkeys (AGMs), which have been shown to natural hosts who can 

control viral replication without the administration of ART (90).        

HIV and SIV will also induce activation and expansion of Ag-specific CD8+ T cells (cytotoxic 

T cells) that can be seen after ~2-4 weeks of infection. The importance of CD8+ T cells has been 

demonstrated in several studies where CD8+ T cells were depleted pre-ART and during ART. The 

depletion of CD8+ T cells during ART resulted in viremia in RMs and viral suppression was 

established once CD8+ T cells returned. The activation and differentiation have been linked to the 

large expansion of HIV/SIV specific CD8+ T cells as well as the expansion of bystander CD8+ T 

cells due to systemic immune activation (91-96). The presence of HIV/SIV-specific CD8+ T cells has 

been strongly correlated with the decline in viremia and studies have shown that it also coincides 

with a lower setpoint and the seeding of the viral reservoir (63, 93, 97). CD8+ T cells of HIV controllers 

have been shown to possess higher proliferative capacity and survivability, are more 

differentiated, greater expression of CD127 (needed for generation of a memory pool), and 

heightened cytolytic potential (more granules and perforin) (98-104). Recent work by Buggert et al. 
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showed that HIV controllers had higher levels of tissue resident memory (TRM) CD8+ T cells and 

these TRMs were enriched for effector-related genes and signatures when compared to non-TRMs 

CD8+ T cells (105). Taken together, Buggert et al. show that previous studies of peripheral CD8+ T 

cells do not fully capture the nature of CD8+ T cells within lymphoid tissue. However, the robust 

CD8+ T cell response is unable to control the infection. This is due to viral escape due to selective 

pressure by CD8+ T cells and immune exhaustion (See section ‘Chronic infection and immune 

exhaustion’) allowing the virus to escape and continue replicating (106, 107).           

HIV-specific CD4+ T cells have been shown to expand during the acute phase of infection. 

Studies have shown that HIV-specific CD4+ T cells with cytolytic and proliferative potential has 

been associated with lower levels of viremia (66, 108). However, HIV-specific CD4+ T cells are 

preferentially infected by HIV and contain higher levels of HIV-DNA compared to memory CD4+ 

T cells during all stages of infection (109). As mentioned previously, the loss of TH17 CD4+ T cells 

within the mucosa results in microbial translocation and systemic immune activation. This occurs 

as TH17 CD4+ T cells produce IL-17 and IL-22, which are critical to maintaining gut barrier integrity 

(110). IL-22 mainly acts on stromal and epithelial cells for survival, proliferation, and production of 

antimicrobials and plays a role in wound healing. Studies by Paiardini et al. have shown infusion 

with recombinant IL-21 in SIV-infected RMs restored levels of TH17 CD4+ T cells, resulting in 

decreased inflammation and reduction in plasma viremia and viral reservoir size (110, 111).  

IgM antibodies are generated very early on during acute HIV infection, but these antibodies 

have no capacity to neutralize HIV (112). Neutralizing antibodies to HIV are generally derived from 

class switching and through affinity maturation to have more specific antibodies. This is generally 

a very arduous process that can take several months to years to generate potent antibodies via 

somatic hypermutation, VH replacement, receptor editing, and class switch recombination (113). 

The development of antibodies with neutralizing capabilities seems to be delayed during HIV 

infection, this could be attributed to presence of multiple quasi-species, further enhancing HIV’s 
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ability to escape immune detection and the virus’ ability to quickly adapt to the host environment 

and the depletion of TFH cells (112, 114). There have been instances in select individuals where the 

antibody response co-evolved with the virus, resulting in the generation of antibodies with broad 

neutralizing capacity (broadly neutralizing antibodies; bnAbs) (114). These bnAbs can target 

conserved residues on the HIV env trimer, such as the CD4 binding site (VRC01, 3BNC117, and 

VRC07) or the fusion peptide (24, 25, 115). The ability to generate these bnAbs remains elusive, but 

some studies suggest that the development of these bnAbs can be attributed to high antigen load, 

as bnAbs have been more readily found in individuals who have been untreated for several years 

or in subjects with high levels of viremia (116). The difficulty in generating bnAbs in a large 

population of individuals has been linked to bnAbs needing a large accumulation of mutations in 

order to be able to neutralize multiple strains of HIV (117, 118). HIV replicating within secondary 

lymphoid organs may also alter the development of antibodies. B cells have been shown to 

undergo ‘exhaustion’ that is linked to the cytokine profile generated during HIV infection (119-122). T 

follicular helper (TFH) CD4+ T cells are also preferential targets of HIV, and have been shown to 

sustain HIV replication within the lymph node (123-126). The loss of TFH cells could delay the 

development of antibodies, allowing HIV infection to continue if left untreated.  

Antiretroviral therapy  

The advent of antiretroviral therapy (ART) has resulted in a substantial reduction in HIV-

related morbidities and mortalities and reduced transmission. However, the interruption of ART 

results in rapid viral recrudescence due to a reservoir of latently infected CD4+ T cells (55, 59, 123, 126-

129). Thus, adherence to a daily ART regimen is crucial in maintaining viral suppression and 

preventing transmission to uninfected individuals.  

ART has been designed to target all aspects of the viral lifecycle to prevent the spread of 

infection to neighboring cells. Current ART drugs target three main proteins of viral replication: 

reverse transcriptase, integrase, and protease. Reverse transcriptase is targeted by either 
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nucleoside analogs (nucleoside transcriptase inhibitors, NRTIs) or non-nucleoside analogs 

(nonnucleoside transcriptase inhibitors, NNRTIs) to inhibit the function of reverse transcriptase 

and production of new virus. Examples of NRTIs are emtricitabine (FTC) or tenofovir disoproxil 

fumarate (TDF). NNRTIs commonly used are efavirenz (EFV) and etravirine (ETR). Integrase 

inhibitors, such as Dolutegravir (DTG) and Raltegravir (RAL), prevent the integration of the viral 

genome into host DNA (130-132). The last class of ART drugs target viral protease, saquinavir and 

darunavir, and these drugs act to prevent the final stages of viral processing and budding of 

viruses. Protease inhibitors are generally only used in 2nd or 3rd line regimens. Some other less 

common drugs target the CCR5 co-receptor or block HIV fusion (enfuvirtide or T20). However, 

these drugs are more expensive compared to the classic drug regimen and only used in salvage 

therapy once multi-drug resistance has been developed (133). In 1997, a combination of three ART 

drugs were shown to be able to robustly suppress plasma viremia to undetectable levels based 

on the assays at the time, which is consistent with the cessation of viral replication (134-136).  

Currently, there is a large push for the use of pre-exposure prophylaxis (PrEP) to mitigate 

transmission risk among vulnerable and high-risk populations (137, 138). Truvada (2 drug 

combination of FTC and TDF) is currently recommended by the Centers for Disease Control 

(CDC) as studies have shown that taking Truvada decreased the risk of contracting HIV by 51% 

(139). 

In the absence of a scalable treatment able to functionally cure or eradicate HIV, ART remains 

a lifelong treatment placing an excessive onus on individuals and public health systems.  

Individuals living with HIV face several challenges such as readily available access to ART and 

affordability, side effects due to long-term ART administration, and complications due to residual 

immune activation that persists during therapy that has been associated with maintenance of the 

viral reservoir (140-144). Long-term ART administration also has side effects such as development 

of hypersensitivity/allergies, nausea, bone degeneration, and heart disease (145). Lack of 
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adherence to the prescribed ART regimen can lead to the development of HIV-drug resistance, 

that necessitates the migration to 2nd or 3rd line regimens that are considerably more toxic with 

increased instances of adverse events.   

The viral reservoir and immune escape 

ART is highly effective at reducing HIV plasma viremia to undetectable levels, however, once 

ART is interrupted there is rapid recrudescence of HIV resulting in increased viremia and 

depletion of CD4+ T cells as ART alone is unable to clear the viral reservoir. This viral rebound is 

due to a reservoir of resting CD4+ T cells that contain latent HIV-1 proviruses that are replication 

competent. The ability for HIV to achieve a state of latency and remain quiescent in long-lived 

memory CD4+ T cells is the main obstacle to achieving a sterilizing cure (55, 56, 59, 60, 127, 128, 146, 147). 

Latency is described as a reversible non-productive state of infection, and a reservoir is defined 

as a cell that shows long-term maintenance and persistence of replication-competent/inducible 

virus while on suppressive ART. The cessation of ART can reactivate one or multiple latently 

infected CD4+ T cells that results in viral production, new infection of previously uninfected CD4+ 

T cells, and exponential viral rebound within two weeks of ART interruption (127, 148).  

In individuals on suppressive ART, HIV remains persistent as measured by integrated viral 

DNA within resting CD4+ T cells, with little to no expression of viral RNA while the cells are in a 

quiescent state (146). Multiple studies have been performed, and they have shown that CD4+ T 

cells containing HIV genomes are essentially indistinguishable from an uninfected cell, thus the 

field is currently elucidating potential markers of the reservoir. Hill et al. demonstrated that latency 

and quiescence are not permanent, as cells containing intact proviral genomes can be reactivated 

upon stimulation (149). Studies by Siliciano et al. have shown that the latent reservoir decays at a 

slow rate, with a half-life (t1/2) of 3.6 years, thus in order to eradicate HIV with ART alone would 

take in excess of 70 years of therapy due to the size of the reservoir (105-107 CD4+ T cells) (59, 150-

153). Recent findings have elucidated key details about the state of the latent reservoir. Using full 
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viral genome sequencing, Ho et al. and others showed that ~93% of proviruses in resting CD4+ T 

cells of ART-suppressed individuals were defective, meaning that there were large deletions or 

mutations within the viral genome rendering it unable to replicate once ART is stopped (154-160). 

Defining the total burden of the reservoir is also another area that has studied recently. Before 

ART is initiated, lymphoid tissues contain >98% if SIV-RNA+ and SIV-DNA+ cells (161). On ART, 

the majority of infected cells were in lymphoid tissues with the largest proportion being the 

gastrointestinal compartment (161).    

To date, latency induction and seeding of the viral reservoir remains unclear. There are 

multiple models and theories presented, however, the simplest explanation or Occam’s razor is 

that latency occurs as an accident of timing. Based on what we know about HIV infection and 

target cells, it is unclear why the latent reservoir is established within resting memory CD4+ T 

cells. Resting CD4+ T cells do not express CCR5, the necessary co-receptor required for viral 

entry (17, 18, 20, 162). Abortive infection of resting CD4+ T cells has also been shown to induce cell 

death (163). The most likely scenario for latency induction is the infection of an activated CD4+ T 

cell that is reverting to a resting state (136, 164-166). While productive infection of an activated CD4+ 

T cell normally results in cell death, the transition of an activated cell to a resting state could 

convert the cell to a long-lived quiescent cell. This scenario provides the optimal conditions for 

latency establishment as there is high expression of CCR5/CXCR4, dNTP pools for reverse 

transcription, and reduction in viral gene expression due to downregulation of host derived 

activation transcription factors (NFAT and NFkB) (166). These cells can undergo replication and 

integration of the viral genome, but since they are not actively producing viral particles they can 

escape immune detection and enter latency. Studies using SIV have shown that latency and the 

reservoir can be seeded in as little as 3 days after infection (167-169). Reports in HIV infected 

individuals also showed that a latent reservoir of 105-107 cells is seeded during acute infection 

and early chronic infection (55, 56).  
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The reservoir has been described as being stable with little turnover, and this can be attributed 

to the longevity of resting CD4+ T cells (43, 128, 170). CD4+ T cells in a resting state can undergo 

homeostatic proliferation or antigen-stimulated proliferation to maintain their numbers (171-180). 

Recent efforts have shown that HIV persistence is due to clonal expansion of infected cells. The 

first papers showed that there were predominant clones detectable in plasma of HIV infected 

individuals on suppressive ART (181, 182). This demonstrated for that the first time that HIV was able 

to persist over several years without undergoing any evolution to its genome. The next line of 

evidence for clonal expansion came from studies looking at integration sites. Since HIV integrates 

randomly into transcriptionally active regions of host DNA, integration sites can serve as 

‘barcodes’ to determine if the infected cell comes from an infected clone. Multiple studies 

described finding HIV-DNA+ CD4+ T cells with the same integration site and full-length vital 

sequence from a given subject on ART, further confirming that HIV persists via clonal expansion 

(183-190). IL-7 and IL-15 driven homeostatic proliferation has also been described to increase the 

number of infected cells (170, 191).  

A study by Boritz et al. tracked HIV replication and persistence of infected CD4+ T cells in 

study subjects with natural virologic control (controllers) or viremics via viral sequencing, TCR 

repertoire genes, integration site analysis, and whole transcriptomic analysis (124). They described 

three distinct mechanisms of viral persistence that occur within different anatomic and functional 

compartments. Within lymph nodes, they saw that viruses had genetic and transcriptional 

characteristics of active replication within TFH and non- TFH memory CD4+ T cells. In the blood 

compartment, they were able to detect inducible proviruses with an archival origin among 

differentiated and clonally expanded CD4+ T cells. They were able to link the blood and lymph 

node via a small pool of circulating CD4+ T cells containing proviruses of recent origin (124). They 

concluded that in individuals with an active antiviral immune response, HIV was able to persist 

via active replication within lymphoid tissues, clonal expansion of infected cells, and recirculation 
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of recently infected cells. Lymphoid tissues are currently thought to be the primary anatomical 

reservoir harboring replication competent virus during suppressive ART (123, 129, 161, 192). 

Quantification of HIV-DNA has shown that there was a higher proportion of infected cells within 

lymph nodes as compared to blood (193). Studies have also shown that within lymph nodes, there 

are no infiltrating CD8+ T cells, further enhancing the environment for viral persistence.  

A surface marker that is able to delineate an infected cell from an uninfected cell has proven 

difficult to find. Several groups have demonstrated that the expression of exhaustion markers on 

the surface of CD4+ T cells could identify infected cells, however, there is no one marker that is 

able to discern all infected cells within a host. In lymph nodes, TFH cells (CXCR5+) expressing PD-

1 were shown to contain inducible proviruses (123, 124, 126). One caveat of these cells could be that 

they remain activated, thus not the true latent reservoir. A study by McGary et al. in SIV infected 

RMs showed that CTLA-4+ PD-1- memory CD4+ T cells were enriched for replication competent 

virus in all anatomically tissues that were sampled (blood, lymph node, spleen, and gut) (129). 

Descours et al. showed that CD32a, an FC receptor not usually expressed on CD4+ T cells was 

enriched for inducible and replication competent virus (194). However, since the initial publication, 

several groups of followed up with CD32a with conflicting results stating that CD32a is not a 

marker of the reservoir (155, 195-197).    

Chronic infection and immune exhaustion  

One of the first studies looking at cytolytic T cell responses during HIV infection led by 

Lieberman et al. showed that CD8+ T cell function was compromised during chronic HIV infection, 

with lower levels of granzyme and perforin (198, 199). This idea was further explored and the field of 

CD8+ T cell exhaustion during chronic infection was formed, leading to new insights into other 

chronic diseases and cancer and resulted in the development of new immunotherapies (200). The 

first of the ‘exhaustion’ markers to be described was PD-1. PD-1 was discovered by Tasuku 

Honjo’s group, where they show that PD-1 activation was involved in programmed cell death, 
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hence the name ‘Program cell death protein 1 or PD-1’ (201). Honjo went one to win a Nobel Prize 

in Medicine in 2018 along with James Allison for his discovery of CTLA-4 (202). T cell exhaustion 

is defined as having poor effector functions, continued expression of inhibitory receptors, and 

having a transcriptional and epigenetic state that is unique when compared to functional effector 

or memory T cells. T cell exhaustion was first described in the 1990s as dysfunction and 

subsequent deletion of antigen-specific T cells in the setting of chronic viral infection in mice (203-

205).  

During an acute infection, naïve CD8+ T cells will undergo proliferation and clonal expansion 

to differentiate into effector CD8+ T (TEFF) cells are then able to directly target and kill infected 

cells (206, 207). TEFF cell differentiation is characterized by transcriptional, epigenetic, and metabolic 

reprogramming and the ability to generate cytokines and cytotoxic granules (200, 208). After the 

infection is cleared, the majority of these TEFF die during the contraction phase of an immune 

response. However, a small fraction of TEFF persist and differentiate into memory T (TMem) cells. 

TMem downregulate the effector programs and begin to develop a stem-cell like program that allows 

them to survive for an extended period of time without the need for antigen stimulation, and 

persists as long-lived memory that continue to maintain their numbers via IL-7 and IL-15 driven 

homeostatic proliferation (209). TMem cells are poised to rapidly reactivate and generate effector 

molecules upon re-encountering antigen and are able to home to lymphoid tissues (210-217).          

In a setting of chronic viral infection or cancer, where the antigen is unable to be cleared and 

there is continued stimulation, there is a failure to develop an effective memory pool and the T 

cells become exhausted. Antigen load has been linked to the severity of T cell exhaustion, as 

higher viral loads correlates with more T cell dysfunction (218-221). The duration of infection and loss 

of CD4+ T cells results in increased severity of immune exhaustion (216, 222). The loss of effector 

functions in exhausted cells is not stochastic but rather follows a hierarchical pattern, where loss 

of IL-2 production occurs first followed by loss of TNFa production (223, 224). Defects in cytotoxicity 
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and production of IFNg occurs during more severe exhaustion and correlate with the emergence 

of terminally differentiated exhausted cells (224-228). Exhausted T cells also lose the capacity to 

respond to IL-7 and IL-15, which normally maintains homeostatic proliferation of TMem cells (205, 229-

234). Exhausted T cells are instead maintained by persistent antigen stimulation that drives their 

ongoing proliferation (232, 235). This continued proliferation drives the production of ‘stem-like’ 

exhausted cells that were defined by Im et al., where these cells are defined as being PD-1+ 

CXCR5+ TIM-3- Tcf-1+ and they retain proliferative capacity and able to self-renew and respond to 

PD-1 blockade (236). In the same article, they defined ‘terminally exhausted’ CD8+ T cells as being 

PD-1+ CXCR5- TIM-3+ Tcf-1-, and since this population have recently divided, lose the ability to 

respond to additional stimuli (235-237). Since the initial paper defining the subsets of exhausted CD8+ 

T cell populations, several groups have gone on to further characterize these cells (238-249).  

The pathways that drive the development of T cell exhaustion are still incompletely understood 

as there are currently debates whether it is a predetermined fate decision or a result of 

overstimulation from antigen or driven by other factors. IL-10 has been implicated in the 

establishment of T cell exhaustion. In settings of chronic infection, IL-10 production results in 

suppression of immune responses to limit pathology, but several studies have shown that 

blockade of IL-10 or infection of IL-10-/- mice reverses T cell exhaustion or prevents the 

establishment of exhaustion (250-253). In studies of LCMV Cl13 infection, blocking IL-10 signaling in 

conjunction with PD-1 blockade resulted in a robust TEFF response, development of TMem cells, 

and enhanced virologic control (250, 251, 254). Our lab has shown that plasma levels of IL-10 are 

elevated during acute SIV infection and remain elevated during chronic infection and during ART 

(unpublished). We have also shown that levels of plasma IL-10 correlates with the size of the 

reservoir and that IL-10 signaling drives the persistence of SIV infected CD4+ T cells in the 

lymphoid compartment.  
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The sustained expression of inhibitory receptors could also be driving T cell exhaustion. PD-

1 is normally expressed after a T cell is activated and on functional TEFF cells, with its expression 

returning to baseline after activation or an antigen is cleared. In chronic infections, PD-1 

expression is sustained and demarcates exhausted T cells (218, 255-259). In a groundbreaking study 

by Barber et al., they showed that T cell exhaustion could be reversed trough the blockade of PD-

1, resulting in reduction in LCMV viral load and a reinvigoration of T cell effector function in 

exhausted T cells (255). This showed for the first time that exhausted T cells were in an exhausted 

or differentiated state, rather than being in an anergic state and unable to respond to TCR 

signaling. Day et al. showed similar findings in chronically HIV-infected individuals, where 

blockade of the PD-1/PD-L1 axis yielded expansion of Ag-specific CD8+ T cells and production of 

IFNg (256). Other surface markers of T cell exhaustion include CTLA-4, TIM-3, Lag-3, and TIGIT. 

Recent work by Rafi Ahmed’s group (260) has described a novel surface marker, CD101, as 

marking terminally differentiated and exhausted T cells.  CD101 expression on Ag-CD8+ T cells 

in a B16-OVA tumor model identifies a population of ‘non-reprogrammable’ PD-1+ exhausted T 

cells, indicating a terminally differentiated state of exhaustion in these cells (247, 261, 262).     

Recent efforts have been directed towards the understanding of transcriptional and 

epigenetically linked programs that could drive T cell exhaustion. In a series of five papers, 

authors identify the nuclear factor Tox mediating transcriptional and epigenetic changes that are 

vital for CD8+ T cells responses during chronic infection and cancer (263-267). The expression of Tox 

is crucial for the formation of the ‘stem-like’ pool of CD8+ T cells and the subsequent differentiation 

into terminally exhausted cells described above, as without Tox, the ‘stem like’ pool of Ag-specific 

CD8+ T cells wanes over time during chronic infection. Tox programs a wide array of epigenetic 

changes and activates the transcription of transcription factors (Tcf7 and Eomes) and drives 

upregulation of inhibitory receptors (PD-1, Lag-3, 2B4, and TIM-3). Tox expression does have 

benefits outside of inducing T cell exhaustion, as the studies show that Tox can enhance the 
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length of a T cell response and reduce immunopathology to the host. Without Tox, the exhaustion 

program is not initiated, rather CD8+ T cells become terminal effector (KLRG1+) cells and then 

contract immediately once the antigen is cleared and cannot persist as long-lived memory cells. 

In mice that received Tox-/- CD8+ T cells, they were subjected to prolonged instances of 

immunopathology and experienced increased weight loss and organ damage. The idea of 

targeting Tox provides an interesting conundrum, as Tox clearly drives the T cell exhaustion 

pathway so targeting it can enhance anti-viral or anti-tumor responses, but deletion or blockade 

of Tox could result in severe immunopathology.  

Strategies towards HIV remission  

Due to the overall complexity of HIV infection and the nature of the viral reservoir, a sterilizing 

cure for HIV remains a daunting task for researchers. A more realistic cure for HIV could be 

through reducing the reservoir size enough to allow for remission, otherwise termed a ‘functional 

cure’. To date, there have been two cases of patients with durable HIV remission upon cessation 

of ART. Timothy Ray Brown (the Berlin Patient) was the first case of an individual with long-term 

control of HIV (268). He was an HIV infected individual, who upon diagnosis with acute myeloid 

leukemia underwent an allogeneic hematopoietic stem-cell transplant (HSCT) from a donor 

homozygous for the CCR5D32/D32 mutation. In short, this genetic mutation renders the donor 

cells non-permissive to HIV infection and confers protection against any CCR5 tropic HIV virus. 

After transplantation and immune reconstitution, Timothy Ray Brown was taken off ART remained 

without aviremic until his death. A second occurrence of long-term remission took place in 2019. 

Adam Castillejo (the London patient), was diagnosed with Hodgkin’s lymphoma and underwent 

an allogeneic HSCT from a CCR5D32/D32 donor. Similar to what was seen in Timothy Ray 

Brown’s case, the Adam Castillejo has remained aviremic since 2016 (269). These two unique 

cases show that a cure is possible via the eradication of the entire viral reservoir, but this type of 
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therapeutic approach is not feasible for 37 million people currently living with HIV. Thus, more 

scalable approaches need to be explored in the field. 

Several studies have looked at the timing of ART administration and how that relates to the 

establishment and size of the viral reservoir. Early administration of ART is linked with lowered 

immune activation, smaller reservoir, and lower viral diversity as there is less time for the virus to 

escape and mutate. ART is most effective with when started within the first few weeks of infection, 

but reports have shown that up to six months post-infection still results in smaller reservoir sizes 

(270-273). Several clinical trials have studied whether early ART results in delayed viral rebound or 

enhanced viral control. They saw that after analytical ART interruption the subjects with earlier 

ART administration had enhanced viral control, but all patients rebounded, signifying that this was 

not a curative approach (274-277). SIV studies have also shown that ART administration very early 

on infection could prevent the reservoir from seeding (168, 169).  

A considerable effort has been directed at targeting the latent reservoir, as it is the main barrier 

to cure. Current approaches towards HIV remission involve using single-agent immunotherapy, 

however, it is being clear that future strategies will likely utilize combinatory approaches to target 

the reservoir. The use of latency reversing agents (LRAs) has been proposed in ‘shock and kill’ 

approaches to purge the reservoir. The ‘shock’ is intended to induce viral production from infected 

cells that can then be ‘killed’ by CD8+ T cells or other cytopathic cells. LRAs are intended to be 

used in conjunction with ART to prevent the spread of new infection. Some examples of LRAs 

include histone deacetylase inhibitors (HDACi), STING pathway agonists, SMAC mimetics, and 

protein kinase C (PKC) agonists. A recent study used TLR7 agonists as an LRA, the authors 

showed that they were able to induce transient viremia and reduced SIV-DNA content within CD4+ 

T cells (278). Recent work by Guido Silvestri’s group has elucidated the roles of non-cytolytic CD8+ 

T cell mediated viral suppression during ART (279, 280). They show that in SIV-infected RMs on 

ART, depletion of CD8+ T cells with an anti-CD8a results in robust viral rebound in all treated RMs 
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(281). They have since followed up with the initial study and combined anti-CD8a  with N-803, an 

IL-15 super agonist, and showed that depletion of CD8+ T cells in conjunction with an LRA 

enhanced the effects of the LRA in inducing a robust and sustained viremia.  

As mentioned above, immunotherapy directed at inhibitory receptors has become a viable 

therapeutic strategy in reinvigorating ‘exhausted’ CD8+ T cells to restore immune function and 

potentially target the reservoir of latently infected cells. Previous studies mentioned above have 

shown that CD4+ T cells expressing ‘exhaustion’ markers were enriched for HIV/SIV DNA content, 

thus targeting these molecules could lead to clearance of the reservoir. CTLA-4 blockade using 

ipilimumab in a melanoma and HIV-infected individual on ART resulted in activation of CD4+ T 

cells and induced cell-associated unspliced HIV-RNA that correlated with a subsequent decline 

in plasma HIV-RNA (282). PD-1 blockade (nivolumab) in an ART-suppressed individual with non-

small cell lung cancer resulted in transient increase in plasma viremia and an overall decrease in 

‘exhausted’ CD4+ and CD8+ T cells (283). Similar results were seen in a clinical trial of PD-L1 

blockade (284), however some adverse events were noted in study participants. Several ongoing 

clinical trials are studying the efficacy of immune checkpoint blockade in persons who have also 

been diagnosed with cancer and are HIV-infected (NCT02408861, NCT03354936). In the NHP 

model of SIV infection, immune checkpoint blockade has shown variable degrees of success. The 

first study to test PD-1 blockade was done by Velu et al. in chronically infected RMs that were 

ART naïve (285). They showed that after PD-1 therapy, there was an expansion of SIV-specific 

CD8+ T cells with an enhanced effector profile. They also saw a significant reduction in plasma 

viral load and prolonged survival of treated RMs. A follow up study to this was to test the efficacy 

in ART-treated RMs. They again showed enhanced effector function in Ag-specific CD8+ T cells 

and a reduction in ISGs, however, no major effect was seen in the size of the reservoir (286). 

Following ART interruption, it was also noted that where was expansion of CXCR5+ CD8+ T cells 

within lymphoid tissue, these cells have been associated with enhanced viral clearance (192, 286, 
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287). Recently published results in Mirko Paiardini’s lab have shown that PD-1 blockade alone was 

able to induce transient viremia in 50% of treated RMs. They have also seen that blockade of 

CTLA-4 resulted in robust plasma viremia and enhanced CD4+ T cell activation. Combinations of 

PD-1 and CTLA-4 saw synergistic effects and an overall increase in viremia (288). However, there 

was not significant reduction to the size of the reservoir, thus different approaches must continue 

to be investigated.  

Another avenue that is being studied is the use of a therapeutic vaccine that could elicit and 

immune response and enhance anti-viral immunity when subjects are no longer on ART. A 

dendritic cell (DC) based vaccine was tested in chronically infected individuals, he authors saw 

that after vaccination, viral loads declined by 80% with some individuals suppressing for almost 

one year (289). NHP studies have used a recombinant adenovirus serotype 26 (Ad26), modified 

vaccinia Ankara (MVA) boost and stimulation with TLR7 to drive immune responses towards viral 

control (290). In this study, they show that after the prime/boost and stimulation there was a delay 

in viral rebound following ART cessation and a decrease to levels of viral DNA within lymph nodes, 

peripheral blood. However, no therapeutic vaccine has been able to elicit long-term HIV remission 

following interruption of ART, this is most likely due to how diverse the escape variants are and 

that no vaccination strategy has been to stimulate a broad response.   

Recently, broadly neutralizing antibodies (bnAbs) have been brought into the clinics as 

another means to induce virologic control without ART. A phase 1b clinical trial using two bnAbs 

(3BNC117 and 10-1074), targeting the CD4 binding site (CD4bs) and the V3 glycan showed that 

treated individuals were able to maintain viral suppression for between 15-30 weeks after 

analytical treatment interruption (291, 292). The RV397 study utilized VRC01, which also targets the 

CD4bs, to study if a single bnAb was able to confer protection after ART was withdrawn (293). Only 

one individual was able to become aviremic for greater than 24 weeks, all other participants 

reached >1000 copies/mL of HIV-1 RNA prior to 24 weeks. In Lynch et al. they show that a single 
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infusion with VRC01 was able to significantly reduce plasma viremia and preferentially suppress 

neutralization sensitive virus in HIV-untreated individuals (294). There were two individuals who 

saw no response, however, upon studying the nature of the virus present, they discovered that 

the virus in these individuals were resistant to VRC01. This shows that bnAbs could have a robust 

and profound impact in maintaining viral suppression, however, this highlights a crucial need to 

develop combination strategies to maintain that suppression. The generation of bnAbs through 

Env vaccination remains a challenging endeavor. This is due to the unusual nature of bnAb 

formation, as bnAbs are formed via high levels of mutation driven by activation-induced cytidine 

deaminase (AID) and the overall structure of Env is masked by high levels of glycans covering 

sites of vulnerability (295). Other approaches include immunizing with Env proteins and addition of 

immunogens to drive somatic hypermutation to enhance bnAb generation (25, 296-298). Combination 

of structural biology and immunological information has led to a new strategy termed ‘germline 

targeting’, which is the idea of generating bnAb precursor cells that are more likely to form bnAbs 

upon immunogen vaccination (299).   

The field is also shifting efforts into developing vaccines to confer protection against HIV 

infection. The first truly successful vaccine came from Louis Picker’s group using rhesus 

cytomegalovirus (RhCMV) vectors that were able to elicit robust SIV-specific effector memory 

(TEM) responses at sites of infections (300). They show that 13/24 RMs were protected from 

SIVmac239 challenge for >1 year. This showed that persistent vectors such as CMV, could be used 

to generate a HIV vaccine. They followed up this study, and showed that RhCMV/SIV vector 

elicited immune responses can control SIV after viral dissemination (301). Recently, they utilized a 

RhCMV vector that was live-attenuated, thus unable to spread, and again showed protection and 

clearance from SIVmac239 challenge (302, 303). 
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Non-human primate models of HIV infection 

As explained above, non-human primate models of SIV infection have allowed researchers to 

study the pathogenesis of SIV and determine how this is similar to HIV infection in humans. This 

has shed light on the rapid and preferential depletion of CD4+ T cells within the mucosa, the rapid 

onset of inflammation, and eventual immune exhaustion that occurs. SIV models have also 

allowed researchers to investigate the nature and anatomical distribution of the latent viral 

reservoir, and to test novel and sometimes risky interventions to potentially eradicate infected 

cells. The NHP model allows researchers to study SIV infection in a controlled setting, with the 

added ability to finely study the kinetics of pathogenesis and viral rebound in multiple anatomical 

sites. The RMs are tightly controlled, adherence to the prescribed ART regimen is regulated, and 

ART interruptions can be planned to study viral rebound kinetics. NHP studies also allow us to 

test the safety and efficacy of experimental therapeutic approaches prior to moving on to phase I 

and II trials in humans.  

Initial studies to identify a suitable animal model of HIV infection focused mainly on using 

chimpanzees. However, researchers quickly realized that infection rates of chimpanzees were 

low as they are natural hosts (304-307). Sooty mangabeys are also natural hosts (SIVSMM) of SIV, 

they have high levels of plasma viremia but do not experience a dramatic decline in levels of CD4+ 

T cells (308-313). Studies of sooty mangabeys has yielded insight on how natural hosts can confer 

protection from highly pathogenic SIV infections, such as TCM of sooty mangabey’s expressing 

lower levels of CCR5 and that sooty mangabeys have a frameshift in the TLR-4 gene that is 

associated with decreased inflammation (314, 315).  

Macaques of Asian origin, such as rhesus (M. mulatta), pigtailed (M. nemestrina), and 

cynomolgus (M. fascicaluris), are the NHPs used as models to study pathogenesis and 

persistence of HIV-1 (316-318). In our lab, we routinely use rhesus macaques in our studies as they 

are readily infected with SIV and SHIV variants, undergo the same kinetics of CD4+ T cell 
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depletion as seen in humans, and if left untreated will progress to AIDS. As seen in our previous 

studies, the administration of ART in RMs results in rapid viral decay and reconstitution of CD4+ 

T cells (111, 129, 281).   

Summary for HIV  

Since the discovery that HIV was the virus that caused AIDS, HIV/AIDS has taken the life of 

35 million infected individuals, and infected over 77 million people in total. The discovery and 

prescription of antiretroviral therapy (ART) has resulted in a substantial reduction in HIV-related 

morbidities and mortalities and reduced transmission, however, ART is a lifelong treatment and 

not a cure. A cure for HIV is hindered by the presence of the viral reservoir, a pool of latently 

infected CD4+ T cells that is able to evade immune detection indefinitely and is indiscernible from 

an uninfected cell. Nevertheless, there is hope for a cure, as referenced by two patients that have 

achieved durable HIV remission upon cessation of ART (Berlin and London Patients). Therapeutic 

strategies will need to be studied in detail to identify the best means to rid the body of the reservoir. 

There remain critical gaps in our knowledge as to what is maintaining the viral reservoir and how 

an infected cell can persist for years in an infected individual. The identification of those 

mechanisms will allow the design of specific therapeutic strategies aimed at HIV remission.     

SARS-CoV-2 background, properties, and viral life cycle 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible and 

pathogenic coronavirus that emerged in late 2019 in Wuhan, China and has caused a global 

pandemic termed “coronavirus disease 2019” (COVID-19) (319, 320). Coronaviruses are diverse in 

nature, and have been shown to be able to infect various animals, with bats being the primary 

animal host prior to zoonotic spread. Typically, infection via a coronavirus results in a mild to 

severe respiratory tract infection in humans. However, infection with coronaviruses has been 

lethal to humans such as infection with Severe acute respiratory syndrome coronavirus (SARS-

CoV) and Middle Eastern respiratory syndrome coronavirus (MERS-CoV), making coronaviruses 
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a large public health concern.  In a relatively short period of time, SARS-CoV-2 has rapidly 

surpassed both SARS-CoV and MERS-CoV in number of total cases and deaths.  

In December of 2019, local health officials in the Wuhan, China began describing multiple 

clusters of patients exhibiting symptoms of pneumonia of unknown cause (319, 320). These patients 

symptoms included : fever, cough, bilateral pneumonia, dyspnea, and opacity in the lungs (319, 320). 

These symptoms are largely consistent with those seen in people infected with SARS-CoV and 

MERS-CoV (320, 321). Early viral sequencing from bronchoalveolar lavage fluid of these patients in 

Wuhan showed that the “unknown agent” of this rapidly developing scenario belonged to the 

betacoronavirus family that has never been seen before (320, 322, 323).  While the early clusters of 

cases were linked to the Huanan Seafood Wholesale Market, it was becoming clear that 

subsequent clusters in Wuhan were caused through human-to-human interaction and spread 

transmitted via respiratory droplets. Within 30 days of the first reported cases, it had spread to all 

provinces in China with thousands of confirmed daily cases. On January 30th, the WHO declared 

a public health emergency. By the middle of February, the novel coronavirus was named SARS-

CoV-2 and the subsequent disease as COVID-19. Following the events in China, large clusters 

of infections began appearing internationally due to the transmissibility and ease of travel (324). By 

the second week of March 2020, the WHO declared COVID-19 to be a global pandemic (324).  

SARS-CoV-2 is a betacoronavirus (+ssRNA virus) and shares 79% of its genome with SARS-

CoV and 50% with MERS-CoV (325), with similar genome organization to other betacoronaviruses. 

It has six functional open reading frames (ORFs): replicase (ORF1a/ORF1b), spike (S), envelope 

(E), membrane (M), and nucleocapsid (N). In addition, there are seven ORFs coding for accessory 

proteins that are intermingled with the structural proteins. SARS-CoV-2 shares 90% amino acid 

homology in the structural genes with SARS-CoV, with SARS-CoV-2 diverging with the spike 

gene.  
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Genome analysis indicates that SARS-CoV-2 is clustered with SARS-CoV and related SARS-

related coronaviruses, and a part of the subgenus Sarbecovirus of the genus betacoronavirus. Of 

note, viruses in this subgenus are found in bats. Bats have been shown to be natural hosts for 

alpha- and betacoronaviruses. Analysis has shown that the closest relative to SARS-CoV-2 to a 

bat coronavirus that was initially discovered in Rhinolophus affinis in Yunnan province, China 

called “RaTG13” where they share 96.2% sequence homology (323). This evidence hints that 

SARS-CoV-2 originated in bats (323, 326). Pangolins were also linked as a intermediate host for 

SARS-CoV-2, with multiple SARS-CoV-2 like viruses isolated from pangolins with identical 

receptor binding domains (RBD).  

Angiotensin-converting enzyme 2 (ACE2) was determined to be the entry receptor for SARS-

CoV-2 and SARS-CoV (323, 327). In addition to human ACE2, SARS-CoV-2 has been shown to have 

recognition to ACE2 of rhesus macaques, ferrets, pigs, civets, cats, pangolin, rabbits and dogs, 

suggesting that there may be a wide range of hosts (323, 328-331).  As with other coronaviruses, 

SARS-CoV-2 needs proteolytic processing of the spike protein to active the endocytic route. 

Studies have shown that host proteases can cleave the S protein and activate entry into the host 

cell. Transmembrane protease serine protease 2 (TMPRSS2), cathepsin L, and furin have been 

shown to initiate this process (327, 332). Interestingly, TMPRSS2 has been shown to be highly 

expressed with ACE2 in nasal epithelial cells, lungs and bronchial branches (333).  

SARS-CoV-2 will bind to a target cell using the spike (S) protein to bind to host ACE2 to 

mediate attachment, and in addition may bind to co-receptors such as NRP1 or Siglec-1 to 

enhance infection. Host derived TMPRSS2 will then cleave the S protein to S1 (RBD) and S2 

(fusion peptide) domains which will then initiate viral fusion to host cell whereby the virus is taken 

up and uncoats. Once SARS-CoV-2 is released into the host cell, the process of replication 

begins. Translation of ORF1a and ORF1b from the genomic RNA produces pp1a and pp1ab. 

From this, 16 non-structural proteins (NSPs) are co-translationally and post-translationally 
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released from NSP1-11 (pp1a) and NSP1-10/NSP12-16 (pp1ab) after proteolytic cleavage by 

papain-like protease (PLpro) and chymotrypsin-like protease (3CLpro). NSP1 release occurs rapidly 

to disrupt host cell translation. RNA synthesis will then be mediated by nsp12, the RNA-dependent 

polymerase (RdRp). Viral replication organelles consisting of double-membrane vesicles, 

convoluted membranes, and small open double-membrane spherules will create a protective 

environment for the viral genomic RNA replication and transcription of sgRNA. The translated 

structural proteins (spike, envelope, and membrane) translocate into the endoplasmic reticulum 

membranes and travel through the ER-to-Golgi intermediate compartment where they interact 

with N-encapsidated gRNA results in budding into vesicular compartments. The virions are then 

secreted by an infected cell via exocytosis to continue the infection cycle in additional host cells 

(334).  

SARS-CoV-2 clinical features  

It was evident early on that SARS-CoV-2 can infect all ages of the human population, 

however, clinical manifestation and disease severity was worst in older patients, whereas younger 

patients had mild infections or were asymptomatic. In addition, patients with co-morbidities, such 

as hypertension or obesity, were far more likely to experience severe disease (335, 336).  

Following infection, the most common symptoms were fever, dry cough, and nausea in a 

majority of patients (335, 336). However, some people also experienced headache, hemoptysis, 

diarrhea, chest pain, chills, loss of taste and smell. Signs of infection were evident anywhere from 

1-14 days following infection, with most symptoms resent by day 7, with pneumonia developing 

at day 7-10, and peak viremia occurring at about day 10 post-infection. On admission to the 

hospital, ground glass opacity in lungs were seen with chest x-rays or computer tomography (CT) 

scans. Patients presented with severe COVID-19 often required mechanical ventilation and in 

extreme cases the use of extracorporeal membrane oxygenation (ECMO).  
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SARS-CoV-2 Pathogenesis 

Common circulating coronaviruses such as 229E, NL63, OC43, and HKU1 have been shown 

to cause disease in humans and animals (337). Typically, only the upper respiratory is affected with 

patients showing mild symptoms, and rarely progress beyond that (337). To date, there have been 

three coronaviruses that have been able to infect and robustly replicate in the lower respiratory 

tract: SARS-CoV, MERS-CoV, and SARS-CoV-2. The pathophysiological response following 

SARS-CoV-2 infection mimics that of SARS-CoV where there is a rapid and strong pro-

inflammatory response resulting in cytokine storm and infiltration of immune cells into the lung 

milieu driving immunopathology (338-341). Thus, the damage seen in the lungs of patients is partially 

due to the viral infection, but primarily driven by the over-exuberant immune response. Acute 

respiratory distress syndrome (ARDS), whereby the patient has difficulty breathing and low blood 

oxygenation levels may lead to respiratory failure and death. Also, the induction of cytokine 

release may drive hypercytokinemia and symptoms associated with sepsis which can be fatal. In 

these instances, with cytokine storm and uncontrolled inflammation can lead to multi-organ failure, 

with effects seen in cardiac, hepatic, and renal systems (335, 342).  

Work following the SARS-CoV outbreak highlighted that the primary cells that were infected 

were airway epithelial cells, alveolar epithelial cells, vascular endothelial cells, and macrophages 

in the lung, where all of these cells express ACE2 and the primary targets of SARS-CoV-2 (323, 327, 

343, 344). Following infection, ACE2 expression is reduced which has been associated with lung 

injury, and ACE2 has also been shown to regulate the renin-angiotensin system (RAS). SARS-

CoV-2 causing downregulation of ACE2 could impact RAS driving dysfunction of blood pressure, 

electrolyte balance, and enhancement of inflammation and increase vascular permeability (345).  

SARS-CoV-2 infection of the lower respiratory tract and the destruction of lung epithelial cells 

results in a local and systemic inflammatory response, characterized by the recruitment of 

macrophages and monocytes, release of cytokines and chemokines, and priming of T and B cell 
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responses (338-341). These early innate and adaptive responses will normally be enough to resolve 

the primary infection; however, an abhorrent, dysfunctional and over-exuberant immune response 

can drive immunopathology leading to death. SARS-CoV-2 is a cytopathic virus and induces 

death of infected cells, and can induce pyroptosis and the release of IL-1beta, which has been 

well documented following infection (338, 346, 347). Alveolar epithelial cells and macrophages can use 

pattern recognition receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPs) 

and damage-associated molecular patterns (DAMPs) to induce signaling. This is followed with 

local and systemic inflammation and the production and secretion of pro-inflammatory cytokines 

and chemokines such as: IL-6, IL-10, IP-10, CXCL8, TNFalpha, IFNgamma, MIP1alpha and 

MCP1 (329, 338). The secretion of these cytokines and chemokines results in the recruitment of 

immune cells from the periphery to the lung, which can be explained by the lymphopenia and 

increased neutrophil-lymphocyte ratio seen in COVID-19 patients (329, 338-341, 348). Typically, the 

initiation of the immune response will be enough to clear the viral infection and the generation of 

immunological memory. However, in a subset of individuals with a misfiring to the immune 

response results in hypercytokinemia or cytokine storm resulting in inflammation of the lungs 

driving additional pathology (338).  

The infiltration of inflammatory cells into the lung can induce damage through the secretion of 

proteases and reactive oxygen species (ROS), resulting in alveolar damage, hyaline membrane 

formation, and pulmonary edema. As a result, the normal gas exchange within the lung is 

impaired, causing breathing difficulty and low blood oxygen levels leading to organ failure. 

Cytokine storm will drive systemic inflammation, as elevated levels of cytokines in the blood can 

mimic septic shock resulting in organ damage and failure.       

SARS-CoV-2 T Cell immunity 

T cell play a pivotal role in the adaptive immune response to mediate helper functions and 

clearance of viral infections. T cell responses against SARS-CoV-2 can be detected as early as 
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1-week following the onset of symptoms during acute infection, with the majority of patients 

developing a memory response following viral clearance. Both the CD4+ and CD8+ T cell 

responses are directed against various SARS-CoV-2 antigens, but primarily elicited against 

nucleocapsid and spike (349-351).  CD4+ T cell responses are skewed towards a TH1 response, with 

CD8+ T cell responses exhibiting effector phenotypes with increased cytotoxicity and increased 

activation, similar to other acute and chronic viral infections (105, 352-354). There have also been 

several studies published describing early upregulation of T cell exhaustion markers (PD-1, TIM-

3, CTLA-4, and CD39), suggesting that acute SARS-CoV-2 infection was driven by hyper-

activation, resulting in early T cell dysfunction (340, 355, 356). However, other studies have shown in 

SARS-CoV-2 that T cells expressing these exhaustion markers remain fully functional, and that 

upregulation of these markers is likely due to activation (357). Currently, the data published suggest 

that an early induction of a functional CD4+ and CD8+ T cell response strongly correlates with 

early viral control and mild COVID-19, whereas a delayed or dysfunctional response results in 

severe disease and delayed clearance (351, 358, 359). 

Nearly 100% of convalescent patients show a durable and detectable CD4+ and CD8+ T cell 

response following recovery of COVID-19 (353, 360, 361). Early on, numerous studies showed that 

there were polyfunctional CD4+ and CD8+ T cell responding to structural and non-structural 

proteins (354, 362). Asymptomatic patients exhibit polyfunctional CD4+ and CD8+ T cell responses, 

albeit to a lower extent than symptomatic patients, however, whether this is enough to confer 

protection from re-infection remains to be determined (354, 363-367).  

Cross-reactive T cells have also been shown to exist in peripheral blood of uninfected 

individuals that are able to recognize structural and non-structural proteins (354, 361, 368-376). Cross-

reactive CD4+ T cell responses are more prevalent compared to CD8+ T cells in the blood (361, 368). 

The generation of these cross-reactive T cell responses could be due to prior exposure of 

common human coronaviruses which all share some sequence homology to SARS-CoV-2 (368, 369, 
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371-373). The cross-reactive T cell responses detected in people are typically directed against highly 

conserved epitopes (372, 374, 377). The presence of pre-existing T cell immunity against SARS-CoV-

2 and impact on disease severity and outcome remains debated within the field. While having an 

early and active memory response could generate a potent antiviral response, but could be 

involved in enhancing immunopathology (378-381).   

While peripheral T cell responses can persist for at least 8 months following recovery or 

vaccination, there is interest in the status of resident T cells (TRMs) (382-384). TRMs have been shown 

to rapidly control viral infection upon re-infection through killing of infected cells and secretion of 

cytokines to recruit immune cells to site of infection. Recent work has shown that TRMs can persist 

in the lung and nasal passages for 2-10 months following SARS-CoV-2 infection, but their 

numbers and persistence remains to be elucidated (382-384). Intranasal administration of vaccines 

has been shown to generate local TRMs establishment, whereas intramuscular administration has 

systemic effects with less induction of TRMs.  

Studies of T cell depletion have also sown the importance of CD4+ and CD8+ T cells in the 

context of SARS-CoV-2 infection. Depletion of CD8+ T cells in convalescent macaques partially 

hinders their ability to protect against re-infection, suggesting that cellular immunity to natural 

infection plays a major role in protecting the host following primary infection in cases of waning 

antibody titers (385). Others have also shown that depletion of T cells results in delayed viral 

clearance and recovery, however there was no changes to disease severity (386). This highlights 

the importance of T cells in viral clearance.  

SARS-CoV-2 B Cell immunity 

Antibodies are a vital part of the immune system that responsible for neutralizing viral 

infection. Patients who recover from SARS-CoV-2 have detectable titers of neutralizing antibodies 

against the various epitopes on SARS-CoV-2 (360, 387-395). Neutralizing antibodies against the S 

protein are typically begin developing 2-3 weeks following infection. However, there are patients 
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that upon viral clearance do not generate antibodies against SARS-CoV-2, and remain at risk for 

re-infection (396). The use of mRNA and adenovirus vectored vaccines also results in the 

generation of high titers of neutralizing antibodies, resulting in protection from subsequent 

infections.  

 Pre-pandemic samples and specimens from SARS-CoV-2 naïve individuals have shown that 

there are people with pre-existing antibodies against SARS-CoV-2 antigens that may have arisen 

due to exposure of circulating human coronaviruses (HCoVs) (397, 398). Most of these antibodies 

bind to endemic HCoV S antigen, and <1% bind to SARS-CoV-2 RBD, thus conferring little to no 

protection against SARS-CoV-2 (399-401). The S protein of SARS-CoV-2 is proteolytically cleaved 

into two subunits: S1 (containing the RBD and N-terminal domain) and S2 (responsible for host-

viral membrane fusion). Pre-existing antibodies tend to target S2 as this subunit shares greater 

sequence homology with circulating HCoVs (399, 400, 402, 403). The RBD is the primary target for 

neutralization, but some antibodies that bind to the N-terminal domain can prevent protease 

cleavage and conformation change thus exhibiting some protective effects (404-406).  

 Within the first two weeks of infection, IgG, IgA and IgM responses against SARS-CoV-2 

can be detected, with seroconversion occurring between 10-13 days following symptom onset (407, 

408). IgA and IgM levels wane relatively rapidly, whereas IgG antibody against S levels remain 

quite stable 3months following infection and modest decline 5-8 months out (407). Anti-RBD and -

N responses have also been reported to wane more rapidly (360, 409, 410). Interestingly, the 

magnitude of the anti-SARS-CoV-2 correlates with disease severity, patients with severe COVID-

19 tend to generate a larger antibody response (365, 393). There is also evidence that patients with 

delayed neutralizing antibody production is associated with fatal COVID-19 (411). 

 The advent of the COVID-19 vaccines has halted the spread, with all vaccines primarily 

targeting the S protein to induce high levels of neutralizing antibodies (412). The mRNA platforms 

utilized by Moderna and Pfizer/BioNtech induce high titers of anti-S and anti-RBD antibodies, with 
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peak titers similar to that seen in severely ill patients. Recent data hints that the Pfizer/BioNtech 

vaccinated individuals have antibodies that wane quicker compared to Moderna, which could be 

attributed to timing between dose 1 and 2, or the amount of mRNA administered (413). Which 

suggests the need for boosters in the near future.   

 The rise of variants of concern has raised questions whether the antibodies generated 

from natural infection or vaccination will be enough to confer protection. New viral variants would 

likely evolve to have increased pathogenicity, transmissibility, or escape from humoral and cellular 

immune responses (414-416). E484 on RBD has been identified as an amino acid position that could 

have the largest effect on antibody neutralization. The P.1 (gamma) and B.1.351 (beta) share a 

mutation (E484K), and is associated with resistance to neutralization (417-420). The N501Y, found 

in the gamma, beta, and alpha variant has also been selected in emerging variants as it has been 

described to enhance affinity for ACE2 (421, 422). The delta variant (B.1.617.2) has several 

substitutions within the RBD, and has been shown to have decreased neutralization in sera from 

vaccinated individuals (423). Thus, it will be interesting to see the effects of boosting against 

ancestral strains and how the effects the ability to neutralize the variants of concern.  

Deficiency to interferons can lead to severe COVID 

Gaining insight to what drives the development of severe COVID-19 is a topic that has been 

widely researched since the onset of the pandemic. As mentioned above, the majority of people 

infected with SARS-CoV-2 experience asymptomatic or mild disease, with only a small fraction of 

individuals experiencing severe disease. However, some young otherwise healthy people do 

develop severe disease, and understanding what causes this would be of clinical benefit. The 

Casanova group at The Rockefeller University made two seminal findings during the early part of 

the pandemic and highlight a key factor that could result in severe COVID-19. In two separate 

studies, Zhang et al. and Bastard et al. implicate that deficiencies to type I interferons (IFN-I) is 

highly associated with severe COVID-19 (424, 425).  
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IFN-I are the primary responders following viral infection and form the basis of the innate 

immune response. IFN-I are induced when a cell detects viral RNA via TLR3/TLR7/TLR8 that are 

found in cellular endosomes. The IFN-I molecules will bind to IFNAR1 and IFNAR2 that will lead 

to downstream signaling of antiviral and pro-inflammatory genes (426).  

In Zhang et al., they describe inherited mutations to genes that encode for antiviral signaling 

molecules are more prevalent in individuals with severe COVID-19 that were previously found in 

people who experienced severe disease following influenza infection. They found enrichment in 

rare variants that are predicted to be loss-of-function (LOF) at 13 human loci that encode for TLR3 

and IRF7, two key genes involved in the antiviral response. Thus, inborn errors to TLR3 and IRF7 

dependent IFN-I immunity may result in severe and life-threatening COVID-19 (425). In Bastard et 

al., they report that ~10% of patients with life-threatening COVID-19 had neutralizing IgG auto-

antibodies against IFNalpha, IFNbeta, IFNkappa, IFNepsilon, and IFNomega. Interestingly, these 

auto-antibodies were not found in individuals with asymptomatic or mild disease, and presented 

in <1% of healthy individuals (424). The most direct consequence of having a deficient IFN-I 

response may be the uncontrolled viral replication that may occur following infection. However, 

there are other potential outcomes such as the loss of suppression of immune-signaling-

complexes called inflammasomes and increased production of pro-inflammatory cytokines (427). 

Previous work in mice with knockouts to IFN-I signaling have shown that following influenza 

infection they die of inflammasome activation, rather than uncontrolled viral infection (428).  

Hadjadj also show that individuals with severe COVID-19 have impaired production of 

IFNalpha and IFNbeta, which is associated with increased viremia and a pro-inflammatory 

response(429). Blanco-Melo et al. were one of the first groups to show that the immune response 

follow SARS-CoV-2 infection was defined with low type I and III IFNs levels, and high expression 

of IL-6 (430). Max Krummel’s group show that in patients with mild COVID-19 there was a robust 

pattern of ISGs across all cell types, whereas this ISG signature was not present in patients with 
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severe COVID-19. Functional analysis of these patients show that they produce antibodies that 

block production of ISG-expressing cells and dampen interferon pathways (431). Wang et al. show 

that patients with mild or asymptomatic disease have increased occurrences of autoantibodies 

when compared to naïve individuals. The autoantibodies tend to target immunomodulatory 

proteins (cytokines, chemokines, complement proteins, and cell surface proteins), suggesting that 

SARS-CoV-2 infection drives production of autoantibodies that disrupt normal immune function 

(432).  

Sposito et al. show that patients with high levels of IFN-III characterize the upper repository 

tract of people with COVID-19 with high viral burden and reduced disease risk and severity (433).  

The production of IFN-III was found in patients with mild pathology and was able to drive the 

transcription of genes that protect against severe disease. However, they also noted that IFNs 

were overrepresented in the lower airways of patients with severe COVID-19, and these patients 

had genes that were enriched for apoptosis and decreased proliferation. These data suggest that 

the roles of IFNs are localized anatomically and can play opposing roles based on the anatomic 

site (433).  Kramer et al. found elevated levels of IFNalpha in the plasma of early severe COVID-

19 patients, and increased NK cell expression of ISGs and genes downstream of IFNalpha (434). 

They also associated prolonged IFN-I signatures with dysfunction in NK cells, which may lead to 

worst disease outcomes. In addition, two papers published in Science in 2020 show that proloned 

Type I IFN production may be detrimental to lung epithelial tissue repair following influenza 

infection. Whereas, Type III IFNs (IFNlambda) was beneficial in clearing the infection without 

disrupting tissue repair pathways (435, 436).  

In summation, multiple studies have linked the deficient IFN-I response with exacerbating 

disease pathogenesis and driving disease severity. The loss of a proper IFN-I response may lead 

to uncontrolled viral infection and prolonged inflammatory signaling via the presence of 

inflammasomes. However, additional work has shown that early and prolonged IFN-I signaling 
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may be detrimental to disease prognosis. Taken together, the timing and duration of IFN-I will be 

critical to developing therapeutics utilizing these pathways.        

SARS-CoV-2 Therapeutics  

As of today, there are several therapeutics approved for treatment following SARS-CoV-2 

infection, these include monoclonal antibodies, antivirals and anti-inflammatories. 

SARS-CoV-2 primarily uses ACE2 as the entry receptor, and others have recently shown that 

other receptors, such as Siglec-1 and DC-SIGN, can act to enhance infection and blockade of 

these can decrease viremia (437). Monoclonal antibodies (mAbs) that bind and “neutralize” virus 

have been used with wide success in treating disease such as Ebola and HIV through passive 

immunization. The use of neutralizing mAbs such as bamlanivimab, etesevimab, casirivimab, 

imdevimab, and sotrovimab have shown promise and been granted emergency use authorization 

(417, 438-446). Several of these mAbs are used in combination to mitigate the risk of loss of efficacy 

dude to viral evolution and escape from these binding epitopes. The use of mAbs in treating 

COVID-19 has resulted in reduced time in hospitals and incidences of death. As such, mAbs 

alone or in combination with other therapeutic approaches remain attractive and effective in 

mitigating disease severity. Early clinical trial results support the use of mAbs, however, more 

data is needed to determine if the use of mAbs against variants of concern remain and the 

optimum dosage and timing of giving mAbs.  

Other approaches target inhibition of viral replication, such as remdesivir, favilavir, ribavirin, 

lopinavir, ritonavir, PF-07321332, and molnupiravir. The majority of antivirals listed above target 

3CLpro or RdRp (447-450), whereas molnupiravir is a synthetic nucleoside derivative that will disrupt 

viral replication through the introduction of copying errors (451). Remdesivir showed good efficacy 

against SARS-CoV-2 in vitro and in vivo and was the first drug tested in a large clinical trial, 

Adaptive COVID-19 Treatment Trial (ACTT) (452). Early reports indicated that patients treated with 

remdesivir had shorten recovery time in the hospital, whereas there was no meaningful difference 
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in mortality. Remdesivir was also included in the ACTT2 trial with baricitinib, and the combination 

of remdesivir was superior to remdesivir alone and placebo (453). The Pfizer drug PF-07321332 

targeting 3CLProteases has also shown promise in vitro and in vivo (447) and concluded the clinical 

trials early due to high efficacy and reducing hospitalization by 80%. 

SARS-CoV-2 infection drives a pro-inflammatory response and can trigger cytokine storm, 

thus, the use of immunomodulatory agents were thought to have promise in treating COVID-19. 

Dexamethasone which is a corticosteroid with potent anti-inflammatory properties was tested, 

and results indicated that treated patients had reduced mortality (454). Tocilizumab and sarilumab, 

two antibodies targeted against IL-6 showed some early efficacy, however subsequent trials 

showed that there was no significant reduction in disease pathogenesis (455). Baricitinib, a JAK 1 

and 2 inhibitor showed early promise, and results from ACTT2 and CoV-BARRIER showed that 

monotherapy or combined with remdesivir resulted in decreased time in the hospital and reduced 

mortality (329, 453, 456). Studies have also identified type I interferons as candidate therapeutics for 

SARS-CoV-2 (457-459), with ongoing trials testing IFNalpha and IFNbeta in patients with COVID-19. 

SARS-CoV-2 Vaccines 

To date, there are several vaccines that have been approved by the FDA for use to prevent 

COVID-19 with the mRNA platform achieving >90% efficacy (460-462). The rapid development of 

COVID-19 vaccines was a collaborative effort between the U.S. government, pharmaceutical 

companies, biotech, and academic institutions based on decades of research behind the best 

vaccine platform, structure-based vaccine design, viral immunology, and scale-up processes.  

Traditional vaccine approaches were to use live-attenuated, inactivated, or a subunit of the 

pathogen that was delivered as recombinant protein or protein particle with much success (463-466). 

Recent developments to gene-based approaches have gained interest as of late, where vectors 

encoding proteins were administered to allow the host to produce the vaccine antigen. Gene-

based approaches include nucleic acids (DNA and RNA), as well as recombinant adenoviruses. 



 51 

Using the host to generate the response will mimic a natural infection, whereby robust humoral 

and CD4+/CD8+ T cell responses are established. Previous work has shown that adenovirus 

vectors (human Ad26 or ChAd – Chimpanzee vector) can be used to insert genes of interest into 

the vector and can be rapidly manufactured, scaled-up, and ready for clinical evaluation. mRNA 

platforms can readily incorporate genes of interest, but have the benefit of delivery of lipid 

nanoparticles, thus bypassing the need to for large cell cultures and simplifying the overall 

production process (467).  For COVID-19, both mRNA (Moderna and Pfizer) and adenovirus vector 

(Johnson & Johnson and Astrazeneca) vaccine platform were used.  

The majority of vaccine platforms were designed to target the spike (S) protein and the 

receptor binding domain (RBD), as this is the primary feature on coronavirus virions that mediates 

attachment and entry into a host cell making it the ideal target for neutralizing antibodies (468-471). 

The three vaccines used in the U.S. (Moderna, Pfizer, and J&J) targeted the prefusion stabilized 

(S-2P) transmembrane anchored full-length spike protein, whereas the Astrazeneca target was 

not the prefusion spike (412). Initially, Moderna and Pfizer required 2 doses 28 and 21 days apart 

respectively, whereas J&J was a single-shot vaccine approach. However, due to recent data 

regarding variants of concern and waning antibody titers, it has been proposed to receive a 

booster for all vaccines. Data has shown that vaccinated individuals maintain detectable levels of 

neutralizing antibodies for at least 6 months following the 2nd dose, however data for 1 year and 

beyond are currently being prepared (472-474). In addition, neutralizing titers against variants of 

concern will need to be monitored as there has been data showing varying degrees of loss of 

titers (475).  

As with any RNA virus, random mutations will tend to accumulate over time, and as cases 

continued to climb throughout the world, variants of concern began to appear for SARS-CoV-2 

(476-479). Numerous studies have shown that these new variants are able to evade neutralizing 

antibodies and infect vaccinated individuals. Variations to the spike protein will result in less 
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efficient binding of neutralizing mAbs, with some titers being 5-10-fold less for variants of concern 

(475, 480-482). However, data shows that there are still detectable levels of neutralizing mAbs, and 

the vaccinated individuals are >95% protected against severe disease (483).  

Immunogenicity studies for Moderna, Pfizer/BioNTech, J&J, and Astrazenca vaccines showed 

a robust induction of CD4+ and CD8+ T cell response (484-488). CD4+ and CD8+ T cell responses are 

generated after the prime dose, and increase following the boost 3-4 weeks after the prime. CD4+ 

T cell responses following vaccination are skewed towards a TH1 and TFH profile, akin to that seen 

following natural infection (485, 487, 488). CD8+ T cell responses following vaccination exhibit an 

effector phenotype, with some studies showing that CD8+ responses following natural infection 

are more differentiated profile.  

The rate at which these vaccines were developed was unprecedented, but was aided through 

a global collaborative effort and years of planning and develop of technologies to provide these 

breakthrough discoveries. For COVID-19, the use of structure-based vaccine design resulted in 

vaccines that generated neutralizing antibodies to a much higher degree than following natural 

infection.  

Non-human primate models of SARS-CoV-2 infection 

As with NHP models of HIV/SIV infection, NHPs have allowed for the rapid understanding of 

disease prognosis, and development of vaccines and therapeutics for SARS-CoV-2. The use of 

NHPs for SARS-CoV-2 has led to detailed analysis of viral pathogenesis, pathology associated 

following acute SARS-CoV-2, inflammatory pathways, and immune responses during acute and 

after clearance. In addition, NHPs have allowed researchers to comprehensively define and 

locate where SARS-CoV-2 infection takes place besides the upper and lower respiratory track. 

Similar to SIV studies, SARS-CoV-2 research with NHPs were in controlled settings allowing for 

the study of viral kinetics and dynamics of the acute immune response that cannot be done with 

human subjects.  
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Summary for SARS-CoV-2  

Since the onset of the COVID-19 pandemic in late 2019, there have been over 250 million 

cases and 5 million deaths. While the past two years have generated a great deal of research 

regarding SARS-CoV-2 and COVID-19, much remains to be understood. The rapid development 

of multiple viable vaccines against COVID-19 has halted the exponential number of cases, but 

the emergence of variants of concern remain a global health concern. These variants have been 

shown to evade antibody responses, thus the need for therapeutics remains a top priority. 

Research into the immune response during acute infection and after recovery will provide key 

insights into the mechanism of action and provide clues for therapeutics against SARS-CoV-2.     
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Abstract 

The bone marrow (BM) is the key anatomic site for hematopoiesis and plays a significant role in 

the homeostasis of mature T cells. However, very little is known on the phenotype of BM-derived 

CD4+ T cells, their fate during simian immunodeficiency virus (SIV) infection, and their contribution 

to viral persistence during antiretroviral therapy (ART). In this study, we characterized the 

immunologic and virologic status of BM-derived CD4+ T cells in rhesus macaques prior to SIV 

infection, during the early chronic phase of infection, and during ART. We found that BM memory 

CD4+ T cells are significantly depleted following SIV infection, at levels that are similar to those 

measured in the peripheral blood (PB). In addition, BM-derived memory CD4+ T cells include a 

high frequency of cells that express the coinhibitory receptors CTLA-4 and PD-1, two subsets 

previously shown to be enriched in the viral reservoir; these cells express Ki-67 at levels similar 

to or higher than the same cells in PB. Finally, when we analyzed SIV-infected RMs in which viral 

replication was effectively suppressed by 12 months of ART, we found that BM CD4+ T cells 

harbor SIV DNA and SIV RNA at levels comparable to those of PB CD4+ T cells, including 

replication-competent SIV. Thus, BM is a largely understudied anatomic site of the latent reservoir 

which contributes to viral persistence during ART and needs to be further characterized and 

targeted when designing therapies for a functional or sterilizing cure to HIV.  

Importance 

The latent viral reservoir is one of the major obstacles in purging the immune system of HIV. It is 

paramount that we elucidate which anatomic compartments harbor replication-competent virus, 

which upon ART interruption results in viral rebound and pathogenesis. In this study, using the 

rhesus macaque model of SIV infection and ART, we examined the immunologic status of the BM 

and its role as a potential sanctuary for latent virus. We found that the BM compartment undergoes 

a similar depletion of memory CD4+ T cells as PB, and during ART treatment the BM-derived 
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memory CD4+ T cells contain high levels of cells expressing CTLA-4 and PD-1, as well as 

amounts of cell-associated SIV DNA, SIV RNA, and replication- competent virus comparable to 

those in PB. These results enrich our understanding of which anatomic compartments harbor 

replication virus and suggest that BM- derived CD4+ T cells need to be targeted by therapeutic 

strategies aimed at achieving an HIV cure.  

Keywords 

CTLA-4, HIV-1, PD-1, SIV, bone marrow, coinhibitory receptors, viral reservoir  

Introduction 

Recent advancements in antiretroviral therapy (ART) have effectively been able to suppress 

human immunodeficiency virus type 1 (HIV-1) replication and have reduced HIV-related 

morbidities and mortalities (489, 490). Despite these successes, individuals infected with HIV must 

remain on a lifelong ART regimen due to viral persistence of latently infected cells which contain 

intact and transcriptionally silent proviruses that are able to evade the host immune system (59). 

Within the latent population, a fraction of these integrated proviruses are replication competent, 

and upon ART interruption, this replication competence results in recrudescence of virus. 

Therefore, identifying the cellular and anatomic nature of the latent viral reservoir is paramount in 

achieving a functional or sterilizing cure for HIV.  

In healthy individuals and mice, the bone marrow (BM) compartment contains mature T cells (491), 

with T cells comprising 3% to 8% of total nucleated BM cells, and has a reduced CD4/CD8 ratio 

compared with that of peripheral blood (PB) mononuclear cells (491-493). After priming of T cells in 

mice, contraction has been shown to be less pronounced in the BM compartment than in other 

lymphoid organs and blood, leading to persistence of BM antigen (Ag)-specific memory T cells 

(494-496). Within mouse BM, there resides a large proportion of memory T cells, as defined by 
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expression of CD44hi, that increases with age and Ag encounter (491, 497, 498). BM-derived memory 

T cells are primarily comprised of central memory (TCM) and effector memory (TEM), two subsets 

of circulating T cells found in the blood (499). Others have also shown that in human BM there 

exists a reservoir for CD4+ CD25+ T regulatory (TReg) cells (500). A large majority of human and 

mouse BM memory T cells are nonproliferative and in a quiescent state; however, there is a small 

fraction of memory T cells that proliferate under steady-state conditions (494, 501). It has been 

postulated that proliferation of T cells is stimulated by the BM microenvironment, where high levels 

of cytokines regulating T cell homeostasis, such as interleukin-7 (IL-7) and IL-15, are present (502-

505). CD4+ T cells in the BM have also been shown to be enriched for CCR5, the necessary 

coreceptor for HIV infection (506). Previous studies with nonhuman primates (NHPs) showed early 

BM hematopoietic defect after simian immunodeficiency virus (SIV) or simian-human 

immunodeficiency virus (SHIV) infection, which resulted in an impaired T cell production (507, 508). 

A recent study looking at myeloid-derived suppressor cells (MDSC) revealed that depletion of 

these cells in BM could contribute to systemic immune activation and exacerbate SIV 

pathogenesis (509). In our paper, we focus on the CD4+ T cell contribution to viral persistence; 

however, others have shown that other cellular subsets in the bone marrow may harbor virus as 

well (510).  

The above-listed immunologic features suggest that the BM compartment can be an important 

anatomic location targeted by HIV and in which HIV can persist. Indeed, resting memory CD4+ T 

cells are considered the main cellular reservoir for HIV, and homeostatic proliferation of CD4+ T 

cells is considered a central mechanism for viral persistence during ART. However, the BM 

remains largely understudied in regard to its potential contribution to HIV pathogenesis and viral 

persistence, both in humans and in NHPs, with most published work focusing on other anatomic 

locations such as the PB, lymph node, gut, spleen, and brain.  
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In this study, using the well-established model of SIV infection in rhesus macaques (RMs), we 

characterized the immunologic and virologic status of BM and compared it with that of PB before 

and after SIV infection as well as after 12 months of ART. In accordance with previous studies, 

we show that the BM compartment indeed has a lower CD4/CD8 ratio than PB. In contrast to 

previous studies, we show a paucity of TReg cells (CD25+ CD127- FoxP3+) in the BM. During the 

course of SIV infection, BM memory CD4+ T cells undergo a severe depletion, similar to what 

occurs in the periphery and lymphoid organs. Recently, we and others have shown that CTLA-4+ 

and PD-1+ memory CD4+ T cells are enriched in the viral reservoir (123, 129, 511, 512); here we show 

that BM-derived CD4+ T cells contain high levels of cells expressing CTLA-4 and PD-1 during 

early chronic infection and after ART. Finally, after 12 months of ART, BM CD4+ T cells harbor 

SIV DNA and SIV RNA at levels comparable to those found in PB CD4+ T cells, including similar 

amounts of replication-competent SIV. In conclusion, the BM is an additional, previously 

unappreciated site for the viral reservoir that needs to be further characterized and considered 

when designing therapies for a functional or sterilizing cure for HIV.  

Results 

Immunologic characterization of BM-derived T cells in healthy RMs. For this study, we used 

bone marrow (BM) aspirate and peripheral blood (PB) longitudinally collected from 41 RMs before 

and after experimental intravenous (i.v.) infection with SIVmac239. An ART regimen consisting of 

tenofovir (TDF), dolutegravir (DTG), and emtricitabine (FTC) was initiated at day 60 post-infection 

(p.i.) and was maintained for up to 12 months, with all animals achieving undetectable levels (<60 

copies/ml) of plasma viremia. Microscopic examination after Wright-Giemsa staining was 

performed to exclude major blood contamination in the BM aspirate (see “Sample collection and 

processing” below).  
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Immunophenotypic analysis shows that in healthy uninfected RMs, the BM contained a mean of 

46% ± 8.23% CD4+ T cells and 35.6% ± 6.97% CD8+ T cells among CD3+ lymphocytes, as 

opposed to 60.1% ± 6.91% CD4+ (P < 0.0001) and 26.8% ± 6.19% CD8+ (P < 0.0001) cells among 

CD3+ lymphocytes seen in PB (Fig. 2.1A), with a significant decrease in the CD4/CD8 ratio 

compared to that in PB (Fig. 2.1B; P < 0.0001). Representative CD4-by-CD8 staining in BM and 

PB is shown in Fig. 2.1C. We then analyzed the frequencies of CD4+ (Fig. 2.1D) and CD8+ (Fig. 

2.1E) T cells with a naive (CD28+ CD95- CCR7+), central memory (CM; CD95+ CCR7+), or effector 

memory (EM; CD95+ CCR7-) phenotype; the gating strategy for the different T cell subsets is 

shown in Fig. 2.1F for BM. BM-derived CD4+ T cells have significantly lower levels of CM (BM, 

17.35% ± 5.51%; PB, 21.66% ± 6.37%; P = 0.0010) and higher levels of EM (BM, 14.55% ± 

7.09%; PB, 9.15% ± 3.62%; P < 0.0001) cells than blood (Fig. 2.1D). Similar to the case with 

CD4+ T cells, the frequency of CM CD8+ T cells was also lower in BM than PB (BM, 4.29% ± 

1.86%; PB, 7.09% ± 2.13%; P < 0.0001), with no significant difference for EM (BM, 43.82% ± 

16.21%; PB, 39.5% ± 12.98%; P = 0.2545) or naive cells.  

The expression of coinhibitory receptors (co-IRs), such as CTLA-4 and PD-1, on Ag-specific T 

cells defines an exhausted T cell population that has impaired effector function and diminished 

production of effector cytokines (255). Recently, it has been shown that PD-1+ as well as CTLA-4+ 

PD-1- memory CD4+ T cells critically contribute to viral persistence during ART in humans and 

nonhuman primates (123, 129, 511, 512). Thus, we looked at CTLA-4 and PD-1 expression in the BM 

and PB of healthy RMs. In the CTLA-4+ PD-1- population, we saw similar expression patterns 

between BM-derived CD4+ T cells and PB-derived CD4+ T cells, except for BM having a higher 

frequency of CTLA-4+ PD-1- CD4+ CM cells (BM, 4.95% ± 1.09%; PB, 4.03% ± 0.91%, P < 

0.0001) (Fig. 2.2A). We also saw similar expression levels of CTLA-4- PD-1+ and CTLA-4+ PD-1+ 

CD4+ T cell subsets between BM- and PB-derived cells (Fig. 2.2B and C). Representative PD-1 
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by-CTLA-4 staining in BM and PB is shown in Fig. 2.2D. The levels of expression of Ki-67 within 

memory CD4+ T cells expressing CTLA-4 and/or PD-1 were comparable between BM and PB 

(Fig. 2.2E). Since PD-1 and CTLA-4 are highly expressed on T follicular helper (TFH) and TReg 

CD4+ T cells, respectively, we measured and compared the frequencies of these two functional 

subsets between BM and PB. For both TFH-like (CXCR5+ PD-1+; BM, 1.32% ± 1.42%; PB, 12.24% 

± 3.94%; P < 0.0001) and TReg cells (CD25+ CD127- FoxP3+ ; BM, 0.13% ± 0.29%; PB, 5.15% ± 

1.30%; P < 0.0001), we saw a lower frequency of each subset within memory CD4+ cells in the 

BM compartment (Fig. 2.2F); the gating strategy for the memory CD4+ T cell subsets is shown in 

Fig. 2.2G for PB. Of note, although BM harbored a population of memory CD4+ T cells with a 

CD25+ CD127- phenotype, the paucity of TReg cells in BM described above derived from the lack 

of expression of FoxP3, the master regulator of TReg cells (Fig. 2.2F). We also saw lowers levels 

of T follicular regulatory (TFReg) cells in the BM, but this can be attributed to the lack of FoxP3 

expression as seen with conventional TReg cells.  

Immunologic characterization of BM-derived T cells in SIV-infected and ART- treated RMs. 

SIV infection in RMs is normally pathogenic and results in a massive depletion of CD4+ T cells, 

particularly those with a memory phenotype, during the viremic phase of infection. Here, we 

showed that BM memory CD4+ T cells were depleted during the early chronic phase of infection 

(day 52 p.i.), similarly to the depletion seen in PB, with the frequency of BM memory CD4+ T cells 

going from 33.67% ± 10.19% before infection to 13.8% ± 8.61% at day 52 p.i. (P < 0.0001) (Fig. 

2.3A). After 12 months of ART administration, memory CD4+ T cells were reconstituted in both 

BM and PB (Fig. 2.3A); however, in BM they remained at levels still significantly lower than those 

at pre-infection (pre-infection, 33.67% ± 10.19%; ART, 25.46% ± 8.45%; P < 0.0008). BM memory 

CD8+ T cells were increased in frequency during early chronic infection, comparable to what was 

seen in the PB, going from 48.65% ± 15.67% prior to infection to 58.48% ± 13.63% following 
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infection (P = 0.0052) (Fig. 2.3A). Following ART, BM memory CD8+ T cells were slightly lower 

than pre-infection levels (pre-infection, 48.65% ± 15.67%, ART, 38.41% ± 15.21%; P = 0.0062), 

whereas in the PB no difference was seen between pre-infection and on-ART levels (P = 0.9279). 

The CD4/CD8 ratio was decreased during the course of SIV infection and restored during ART, 

although at all phases of infection it remained lower in the BM than in the PB (Fig. 2.3B). During 

the course of infection, the frequency of BM CM and EM CD4+ T cells was diminished and was 

restored upon ART administration, but to a lower level than pre-infection levels, whereas, in the 

PB, the levels returned to pre-infection levels (Fig. 2.3C). BM and PB CM CD8+ T cells were 

increased during infection, but after ART, they returned to levels lower than baseline (Fig. 2.3D). 

In BM EM, CD8+ T cells were slightly elevated during infection, and similarly to CM cells, they 

returned to levels below baseline during ART, whereas, in PB, the levels remained constant 

throughout (Fig. 2.3D). Similar to what can be seen for uninfected animals (Fig. 2.2F), throughout 

the course of SIV infection and ART TFH -like and TReg cells were present at lower frequencies in 

the BM than in PB (Fig. 2.3E). The combined ART regimen was very effective in suppressing 

plasma viremia in all RMs (Fig. 2.3F).  

Next, we examined the expression of CTLA-4 and PD-1 throughout the course of infection (Fig. 

2.4A to C). We saw comparable frequencies of CTLA-4+ PD-1- or CTLA-4+ PD-1+ cells among 

BM and PB CD4+ subsets during viremia and ART (Fig. 2.4A and C). The frequencies of CTLA-

4- PD-1+ cells among BM and PB CD4+ subsets were equivalent throughout, except for the EM 

population during viremia (BM, 22.86% ± 9.68%; PB, 45.35% ± 11.37%; P < 0.0001) (Fig. 2.4B). 

Expression of Ki-67 was overall similar within CTLA-4+ and/or PD-1+ memory CD4+ T cells in the 

BM to that in PB, with the exception of a higher frequency of cycling CTLA-4+ PD-1+ cells at day 

36 p.i. (Fig. 2.4D to F). To avoid quantification of Ki-67 on very few events, we opted to show cell 

cycling for memory CD4+ T cells expressing CTLA-4 and/or PD-1 and not for the CM or EM 

subsets.  
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Overall, these data indicate that BM-derived memory CD4+ T cells are depleted during SIV 

infection of RMs and reconstituted during ART to lower levels than those measured in blood; 

furthermore, BM contains a high frequency of CD4+ T cells expressing co-IRs, which have been 

previously shown to be enriched in the HIV reservoir (123, 129, 511, 512).  

BM CD4+ T cells harbor SIV DNA and SIV RNA as well as replication-competent virus at 

levels comparable to those in PB. The finding that BM contains subsets of memory CD4+ T 

cells previously shown to critically contribute to the viral reservoir, such as those expressing 

coinhibitory receptors, led us to hypothesize that the BM may significantly contribute to viral 

persistence during ART. To test this hypothesis, we sorted paired BM- and PB-derived CD4+ T 

cells from 6 SIV-infected RMs treated with suppressive ART for 12 months and performed 

quantitative PCR (qPCR) to detect cell-associated SIV DNA and SIV RNA levels. Consistent with 

our hypothesis, we found that in the BM the amount of SIV DNA was 2,162 ± 1,234 copies/1 x 

106 CD4+ T cells, which was comparable to the levels seen in the PB, at 2,220 ± 1,177 copies/1 

x 106 CD4+ T cells (P = 0.8182) (Fig. 2.5A). Similar results were obtained for SIV RNA in the BM 

and PB, with levels at 581.8 ± 340.5 copies/1 x 106 CD4+ T cells and 419 ± 187.6 copies/1 x 106 

CD4+ T cells, respectively (P = 0.3095) (Fig. 2.5B). As a result, the ratios of SIV RNA to SIV DNA 

were also very similar in BM and PB (P = 0.8182) (Fig. 2.5C). Importantly, as determined by viral 

outgrowth assays (VOA) performed with BM and PB of two ART-treated, SIV-infected RMs, a 

subset of BM CD4+ T cells harbors replication- competent virus at levels that are at least 

comparable to those seen in the PB (Fig. 2.5D).  

Discussion 

Reduction of the HIV reservoir is paramount for the development of a sterilizing or functional cure 

for HIV. However, this goal has been hampered by the inability to properly quantify and identify 

the anatomic location of latently infected cells. In humans, the bone marrow compartment 
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contains a high proportion of memory T cells, with T cells representing 3% to 8% of total nucleated 

BM cells (491). The BM microenvironment has been shown to have high levels of IL-7 and IL-15, 

both shown to be important for T cell proliferation and maintenance of homeostasis (502-505). 

Expression of CCR5, the coreceptor for HIV, has also been shown to be enriched in BM CD4+ T 

cells (506). These findings suggest that the BM compartment could serve as a potential anatomic 

location targeted and exploited by HIV and can serve as a sanctuary of latent infection. To test 

this hypothesis, we performed a comprehensive study of BM as an anatomic site of viral 

persistence, its role in maintaining the viral reservoir, and studied the phenotypical features of 

BM-derived CD4+ and CD8+ T cells during the course of SIV infection and ART treatment in 41 

rhesus macaques. To the best of our knowledge, this is the first detailed, longitudinal 

characterization of the immunologic and virologic features of BM following SIV infection and ART.  

In the healthy RMs, we found that BM was characterized by a lower ratio of CD4 to CD8 than in 

PB, aligning with what others have shown (491-493); lower levels of CM CD4+ and CD8+ T cells in 

BM, with higher levels of EM CD4+ T cells; and similar levels of expression of CTLA-4 and PD-1, 

except for higher levels of CTLA-4 expressed on CM CD4+ T cells. Furthermore, BM harbors 

significantly lower levels of TFH and TReg cells than does blood. Of note, we saw very low 

expression of FoxP3 in the BM, even though the CD25+ CD127- population was present. Although 

a previous study with mice reported the BM being enriched in TReg cells, quantification of TReg cells 

in that study was limited to CD4+ CD25+ T cells and to mRNA levels of FoxP3 (500).  

SIV infection in RMs normally leads to a severe depletion of memory CD4+ cells. In our study, we 

saw that the memory CD4+ cells in BM undergo a depletion similar to that in PB. Upon 12 months 

of ART, the levels of BM memory CD4+ T cells is restored, but not to the levels seen during pre-

infection and to a lesser extent than in PB. Although our study was not designed to formally prove 

it, one possible explanation for the lower reconstitution of CD4+ T cells seen in the BM during ART 



 64 

is cells trafficking to the periphery. The CD4/CD8 ratio, an important immunologic marker of 

disease progression, remains significantly lower in BM than PB following SIV infection and ART 

(513-515).  

Recent studies highlight CD4+ T cells expressing coinhibitory receptors, including PD-1 and/or 

CTLA-4, as the main cellular reservoirs in blood and lymphoid tissues of HIV- and SIV-infected 

subjects (123, 129, 170, 511, 512, 516). Importantly, BM-derived CD4+ T cells express PD-1 or CTLA-4 at 

levels comparable to those found in blood CD4+ T cells during the course of infection and ART. 

Furthermore, BM CD4+ T cells that are CTLA-4+ PD-1+ express Ki-67 at levels significantly higher 

than in the same cells in the PB in untreated, SIV-infected RMs. Thus, not only does BM contain 

CD4+ T cell subsets that have been identified as critical to viral persistence, but also these cells 

seem to be of a phenotype which may favor viral infection and, potentially, viral persistence. 

Indeed, consistent with the immunologic data showing BM harboring subsets of CD4+ T cells in 

which HIV and SIV can persist during ART, we found comparable levels of cell- associated SIV 

DNA and SIV RNA among CD4+T cells of the two anatomic sites after 12 months of suppressive 

ART. Unfortunately, due to low cell yield from a BM aspirate and the fact that BM CD4+ T cells 

are depleted during infection, we were unable to quantify the levels of cell-associated SIV DNA 

and SIV RNA during the pre-ART phase of the study. Finally, by performing viral outgrowth 

assays, we showed that the BM CD4+ T cells harbor replication-competent virus. Although we 

were unable to perform quantitative viral outgrowth assays (QVOA), as we were limited in cell 

numbers isolated from BM, our VOA results indicate that a fraction of BM-derived CD4+ T cells 

harbored replication-competent virus during ART, supporting the presence of latent HIV-infected 

cells in a previously understudied anatomic location.  

In summary, our results highlight that SIV is able to establish and maintain viral persistence within 

the BM. Thus, the BM compartment represents an additional viral reservoir that needs to be 

targeted for a functional or sterilizing cure.  
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Materials and Methods 

Study approval. All animal experiments were conducted following the guidelines established by 

the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals and performed 

in accordance with institutional regulations after review and approval by the Institutional Animal 

Care and Usage Committee (IACUC, 3000065, 2003297, 2003470, and PROTO201700665) at 

the Yerkes National Primate Research Center (YNPRC; Atlanta, GA). Anesthesia was 

administered prior to performing any procedure, and the proper steps were taken to minimize any 

suffering the animals may have experienced.  

Animals. Forty-one male Indian rhesus macaques (RMs; Macaca mulatta) (aged 2 to 3.5 years 

at time of assignment), all housed at the YNPRC, were included in this study. All RMs were 

HLA*B08- and HLA*B17-. Prior to study assignment, all RMs were screened for SIV, 

cercopithecine herpesvirus 1 (B virus), simian T-lymphotropic virus (STLV), respiratory syncytial 

virus (RSV), and tuberculosis (TB) and dewormed. After experimental infection, animals were 

housed in isolation, in order to lower the risk of superinfection, in metal wire cages at an ambient 

temperature of 72°F. RMs were fed a diet consisting jumbo biscuits supplemented with 15% 

protein, half an orange per day, and produce enrichment and foraging material (cereals, grains, 

seeds, etc.) five times per week. All procedures were approved by the Emory University IACUC, 

and animal care facilities are accredited by the U.S. Department of Agriculture (USDA) and the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International.  

All RMs were intravenously (i.v.) infected with 300 50% tissue culture infective doses (TCID50) of 

SIVmac239. An ART regimen, consisting of tenofovir (TDF; 5.1 mg/kg of body weight/day), 

dolutegravir (DTG; 2.5 mg/kg/day), and emtricitabine (FTC; 40 mg/kg/day), was initiated at day 

60 p.i. and was maintained for up to 12 months. Animals remained on ART until plasma viremia 

was undetectable (limit of detection 60 copies/ml of plasma) for at least 3 months. Ages of RMs 
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pre-ART ranged from 2.1 to 3.6 years, and ages during ART measurement ranged from 2.7 to 

4.2 years. The expression of Ki-67 among the CTLA-4 and/or PD-1 memory CD4+ T cell subsets 

was determined in a different cohort of animals, specifically in 22 Indian RMs at pre-infection and 

at day 36 after SIVmac239 infection (i.v., 300 TCID50), as well as in 14 of these 22 animals after 

12 months of ART (day 399 p.i.). Ages of these 22 animals at pre-infection ranged from 3 years 

and 10 months to 9 years and 2 months.  

Sample collection and processing. BM and PB were collected pre-infection, during early 

chronic infection, and during ART. Animals were anesthetized with either intramuscular (i.m.) 

ketamine (5 to 10 mg/kg) or tiletamine- zolazepam (Telazol; 3 to 5 mg/kg) prior to BM collection. 

The animals were placed in either dorsal or lateral recumbency. The area over the iliac crest was 

clipped and surgically scrubbed with 3 alternating applications of chlorhexidine or betadine scrub 

and alcohol before aseptic introduction of a 14- to 20-gauge needle connected to a syringe (with 

or without heparin coating) into the bone.  

The desired volume was aspirated into the syringe. Suction was released before removing the 

bone marrow needle. Bone marrow aspirations were limited to a volume of 1 to 1.5 ml to avoid 

contamination with PB. The quality of our samples was assessed by performing a Wright-Giemsa 

stain on a glass slide smear. Samples were accepted and further processed only if the stained 

smear showed the cellular morphology typical of a BM aspirate, including a sufficient number of 

bone spicules and significant representation of all hematopoietic lineages with normal distribution 

of hematopoietic precursors. BM- and PB-derived cells were isolated by density gradient (Ficoll-

Paque Premium; GE Healthcare) centrifugation.  

Determination of viral load RNA. Quantitative real-time reverse transcription (RT)-PCR was 

per- formed to determine SIV plasma viral load as previously described (517).  



 67 

Flow cytometric analysis. Eighteen-parameter flow cytometric analysis was performed on 

peripheral blood- and bone marrow-derived cells according to procedures using a panel of 

monoclonal antibodies that we and others have shown to be cross-reactive with RMs (111, 129). The 

following antibodies were used at predetermined optimal concentrations: anti-FoxP3-

allophycocyanin (APC) (clone 150D), anti-CD4-APC-Cy7 (clone OKT4), anti-CD95-BV605 (clone 

DX2), anti-CD25-BV711 (clone BC96), and anti-PD-1–BV785 (clone EH12.2H7), all from 

Biolegend; anti-CXCR5-phycoerythrin (PE) (clone MU5UBEE) and anti-CD127-PE-Cy5 (clone 

eBioRDR5), both from eBioscience; anti-CCR7-PE-Cy7 (clone 3D12), anti- Ki-67-Alexa700 (clone 

B56), anti-CTLA-4-BV421 (clone BNI3), anti-CD3-BUV395 (clone SP34-2), anti-CD8- BUV496 

(clone RPA-T8), and anti-CD28-BUV737 (clone CD28.2), all from BD Biosciences; and Aqua 

LIVE/DEAD amine dye-AmCyan from Invitrogen. To detect the expression of FoxP3 

intracellularly, mononuclear cells were fixed and permeabilized with FoxP3 

fixation/permeabilization solution (Tonbo) and subsequently stained intracellularly with FoxP3. 

Flow cytometric acquisition was performed on at least 100,000 CD3� T cells on an LSRFortessa 

(BD Biosciences) cytometer driven by fluorescence- activated cell sorting (FACS) DIVa software. 

The data acquired were analyzed using FlowJo software (version 10.4.2; TreeStar).  

Flow cytometry cell sorting. Mononuclear cells isolated from blood and bone marrow were 

sorted on a FACSAria II (BD Biosciences) driven by FACS DIVa software. The following 

antibodies were used at predetermined optimal concentrations: anti-CD8-fluorescein 

isothiocyanate (FITC) (clone RPA-T8), anti- CD3-APC-Cy7 (clone SP34-2), anti-CD4-BV650 

(clone OKT4), and Aqua LIVE/DEAD amine dye-AmCyan from Invitrogen. Sorted cells, with a 

purity higher than 95%, were used to determine the content of cell-associated SIV DNA and RNA 

or for viral outgrowth assay.  
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Quantitation of cell-associated SIV DNA and SIV RNA. Cellular DNA and RNA were extracted 

from at least 50,000 CD4+ T cells lysed in RLT Plus buffer (Qiagen) and isolated using the AllPrep 

DNA/RNA minikit (Qiagen) per the manufacturer’s manual.  

Viral outgrowth assay. BM- and PB-derived CD4+ T cells were sorted using a FACSAria II using 

the protocol described above. Cells were stimulated with CD3 and CD28 and allowed to incubate 

for 12 h. Sorted CD4+ T cells were plated at a 1:1 ratio and supplemented with IL-2. At weeks 2, 

4, and 6, supernatant was taken for RNA analysis.  

Statistical analysis. All analyses were performed using GraphPad Prism 7 software. Prior to 

implementation of any specific statistical analysis for each outcome, assumptions were assessed 

(i.e., normality and homogeneity of variance). If the underlying assumptions were met, a two-

sided two-sample equal-variance t test was performed to compare the differences. If the 

assumptions were violated, the two-sample Mann-Whitney U test was used. Error bars in figures 

represent standard deviations. A P value of �0.05 was considered significant.  
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Chapter Two Figures 

 

 

Figure 2.1 CD4+ and CD8+ T cell subset frequencies in BM and PB of healthy RMs. (A) 
Frequencies of CD4+ and CD8+ T cells within live CD3+ lymphocytes were measured from 
uninfected RMs. (B) Ratios of CD4+ to CD8+ were determined by calculating the ratio of paired 
CD4+ and CD8+ T cells. (C) Representative CD4-by-CD8 staining in BM and PB. (D and E) 
Frequencies of naive, central memory (CM), and effector memory (EM) CD4+ and CD8+ T cells 
were measured for uninfected RMs. (F) Representative staining in BM and defining subsets of 
CD4+ and CD8+ T cells (n = 41 RMs). *, P < 0.0001.  
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Figure 2.2 Expression of coinhibitory receptors (co-IRs) and frequencies of TFH-like and TReg 
subsets in BM and PB of healthy RMs. (A to C) Frequencies of CD4+ T cell subsets with CTLA-
4+ PD-1- (A), CTLA-4- PD-1+ (B), and CTLA-4+ PD-1+ (C) phenotypes. (D) Representative CTLA-
4-by-PD-1 staining in BM and PB CM CD4+ T cells. (E) Expression of Ki-67 in CTLA-4+ PD-1+, 
CTLA-4+ PD-1+, and CTLA-4+ PD-1+ memory CD4+ T cell subsets. Ki-67 expression was 
measured in a different cohort of 22 RMs (see Materials and Methods). (F) Frequencies of 
memory CD4+ (CD95+) T cell subsets: TFH-like (CXCR5+ PD-1+), CD25+ CD127-, TReg (CD25+ 

CD127- FoxP3+), and TFReg-like (CXCR5+ PD-1+ CD25+ CD127- FoxP3+). (G) Representative 
staining of subsets in PB (n = 41 RMs). *, P < 0.0001.  
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Figure 2.3 Longitudinal characterization of BM- and PB-derived T cells following SIV infection 
and ART treatment. (A) Frequencies of total memory CD4+ and CD8+ T cells before SIV infection 
(SIV-), at day 52 after SIV infection (SIV+), and following ART (ART+) (days 248 to 358 p.i.). (B) 
Ratio (calculated in same manner as for Fig. 1B) of CD4+ to CD8+ T cells longitudinally. (C and 
D) Frequencies of CD4+ and CD8+ T cell subsets (naive, CM, and EM) longitudinally. (E) 
Frequencies of memory CD4+ (CD95+) T cell subsets: TFH-like (CXCR5+ PD-1+), CD25+ CD127-, 
TReg (CD25+ CD127- FoxP3+), and TFReg -like (CXCR5+ PD-1+ CD25+ CD127- FoxP3+). (F) Plasma 
viral loads (VL) are shown during preinfection, during early chronic infection (day 52 p.i.), and 
after ART (days 248 to 358 p.i.). VLs were quantified using qRT-PCR (limit of detection [LOD], 60 
copies/ml of plasma; indicated by the dotted line) (n = 40 RMs). *, P < 0.0001.  
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Figure 2.4 Levels of BM- and PB-derived CD4+ T cells expressing co-IRs and expression of Ki-
67 following SIV infection and ART. Frequencies of CD4+ T cell subsets with CTLA-4+ PD-1- (A), 
CTLA-4- PD-1+ (B), and CTLA-4+ PD-1+ (C) phenotypes at day 52 postinfection (SIV+) and 
following 12 months of ART (ART) (n = 40 RMs). Expression of Ki-67 in CTLA-4+ PD-1- (D), CTLA-
4- PD-1+ (E), and CTLA-4+ PD-1+ (F) subsets measured in 22 RMs during SIV infection and 14 
RMs during ART (see Materials and Methods). Data for 17 animals are shown in panel D due to 
the low numbers of CTLA-4+ PD-1- memory CD4+ T cells in 5 of the 22 animals during SIV 
infection. *, P < 0.0001.  
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Figure 2.5 Cell-associated SIV DNA and SIV RNA and viral outgrowth assay (VOA) in BM- and 
PB-derived CD4+ T cells of ART-treated RMs. Copies of cell-associated SIV-DNA (A) and SIV-
RNA (B) per 106 CD4+ T cells purified from BM and PB (n = 6 RMs). (C) Ratio of SIV RNA to SIV 
DNA in BM and PB. (D) CD4+ T cells were isolated from BM and PB (n = 2 RMs) and used in the 
viral outgrowth assay to confirm the presence of replication-competent virus. The graph shows 
SIVmac239 RNA copies/ml of supernatant at 2, 4, and 6 weeks of the VOA.  
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Summary 

SARS-CoV-2 induced hypercytokinemia and inflammation are critically associated with COVID-

19 disease severity. Baricitinib, a clinically approved JAK1/2 inhibitor, is currently being 

investigated in COVID-19 clinical trials. Here, we investigated the immunologic and virologic 

efficacy of baricitinib in a rhesus macaque model of SARS-CoV-2 infection. Viral shedding 

measured from nasal and throat swabs, bronchoalveolar lavages and tissues was not reduced 

with baricitinib. Type-I IFN antiviral responses and SARS-CoV-2-specific T-cell responses 

remained similar between the two groups. Animals treated with baricitinib showed reduced 

inflammation, decreased lung infiltration of inflammatory cells, reduced NETosis activity, and 

more limited lung pathology. Importantly, baricitinib treated animals had a rapid and remarkably 

potent suppression of lung macrophages production of cytokines and chemokines responsible for 

inflammation and neutrophil recruitment. These data support a beneficial role for, and elucidate 

the immunological mechanisms underlying, the use of baricitinib as a frontline treatment for 

inflammation induced by SARS-CoV-2 infection. 

 

Introduction 

The rapid emergence and dissemination of severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) and subsequent COVID-19 pandemic has placed an excessive burden on public 

and private healthcare systems with over 1,000,000 deaths worldwide. Thus, therapeutic 

approaches aimed at mitigating disease severity are of utmost global priority. SARS-CoV-2 

infection results in a wide spectrum of disease severity, ranging from asymptomatic individuals to 

critically-ill patients leading to death. Severe COVID-19 disease presents with high-grade fever, 

dry cough, pneumonia, inflammation of the lungs and infiltration of immune cells. It has been 

noted that individuals with co-morbidities and compromised immune systems are at higher risk 

for severe clinical manifestations (518).  
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Immunological features of COVID-19 progression includes a robust pro-inflammatory response 

driven by innate and adaptive immune cells, with severe cases of COVID-19 having elevated 

serum levels of pro-inflammatory cytokines and chemokines including: IFNγ, TNFα, IP-10, G-

CSF, IL-2, IL-6 IL-8, IL-9, IL-10, and IL-17. Therefore, the use of therapeutics targeted at Janus 

Kinases (JAK) have the potential to ameliorate disease severity by limiting the hypercytokinemia 

and cytokine release syndrome (CRS) seen in COVID-19 patients (338).  

 

Non-human primate (NHP) models have been used extensively to study pathogenesis and 

potential vaccine and antiviral candidates for numerous viral diseases (519). We and others have 

recently used rhesus macaques (RMs) to model SARS-CoV-2 infection and pathogenesis; SARS-

CoV-2 infected RMs develop transient respiratory disease and exhibit viral shedding similar to 

humans, recapitulating mild to moderate infection, and only in rare cases severe disease (328, 450, 

520-522). Baricitinib is an oral, selective inhibitor of JAK 1 and 2 with potent anti-inflammatory activity 

approved for treatment of patients with moderate to severe active rheumatoid arthritis (523). 

Recently, machine learning algorithms and in vitro data suggested that baricitinib could also inhibit 

clathrin-mediated endocytosis of SARS-CoV-2 (524-527); thus, it could provide a dual effect of 

dampening inflammation and viral infection. In this study, leveraging the ability to perform 

longitudinal collections, including bronchoalveolar lavages, and the availability of lung tissue for 

pathology, we tested the immunologic and virologic effects of baricitinib treatment in SARS-CoV-

2 infected RMs.     
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Results 

Baricitinib was well-tolerated and detectable in plasma and tissues, but did not limit SARS-

CoV-2 replication in RMs 

We inoculated 8 adult RMs (11-17 years old, mean = 14 years, Table 3.S1) with a total of 1.1x106 

PFU SARS-CoV-2 (2019-nCoV/USA-WA1/2020), administered by intranasal (IN) and 

intratracheal (IT) routes (522). Two days post infection (DPI), 8 RMs were randomized to receive 4 

mg of oral baricitinib, daily for 8-9 days or observed without treatment until 10-11 DPI when all 

RMs were euthanized (Figure 3.1A). At 24 hours post dose, baricitinib was readily detected in 

plasma of all treated animals (Figure 3.1B; measures performed at 6 DPI closed symbol; and 8 

DPI open symbol), achieving an average level of 2.13 ng/mL. At necropsy, baricitinib was 

detectable at approximately 2 hours after the last dose in left/right upper and lower lung (Figure 

3.1C; n = 4 RMs; average of 4.41 and 4.43 ng/g, respectively), brain (n = 3 RMs; 2.09 ng/g tissue) 

and cerebrospinal fluid (CSF; n = 2 RMs; 0.29 ng/ml) (Figure 3.S1A); we also detected baricitinib 

in CSF from 3 out of the 4 treated animals at 24 hours post dosing on 8-9 days after the final dose 

(Figure 3.S1A).   

 

A slight reduction of peripheral monocytes, neutrophils and lymphocytes, which could be due to 

trafficking to the lung, as well as decreased red blood cell counts (RBC), hematocrit (HCT) and 

hemoglobin (HGB) were observed starting at 2 DPI in all RMs (Figures 3.S1B-S1G). Blood 

chemistries showed elevated levels of alkaline phosphatase (ALP) in one untreated animal 

starting at 2 DPI, and all other values were within the normal range (Figure 3.S1H). Body 

temperature remained stable in all RMs (Figure 3.S1I).  Overall, treatment with baricitinib was 

well-tolerated without direct evidence of treatment-induced clinical pathology, nephrotoxicity or 

hepatotoxicity when compared to untreated SARS-CoV-2 infected RMs. To further monitor 

response to infection and baricitinib treatment, the health status of all animals was assessed daily 
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by veterinarians, with cage-side assessment and physical examination scored based on a 

standardized scoring system (modified from previous studies (338, 528) main parameters included in 

the scoring are listed on Tables 3.S2 and 3.S3). On 1 DPI, all animals exhibited changes to 

alertness and respiratory pattern (Figure 3.1D). Additional early signs of disease included: 

changes to pulse oximetry readings, with one untreated animal dropping below 80% (Figure 

3.1F), reduction in appetite, hunched posture, shivering, pale appearance and agitation. Signs of 

disease persisted during the 10/11-day course of the study, without significant differences 

between treated and untreated animals (Figure 3.1D). Weight loss was observed in 4/4 untreated 

and 3/4 baricitinib treated RMs (Figure 3.1E), although we cannot discriminate if this is a result 

of the infection or related to frequent access for sample collection. 

 

We next assessed viral RNA levels by qRT-PCR (328, 520). We observed high levels of SARS-CoV-

2 RNA in nasal and throat swabs, and bronchoalveolar lavages (BAL), with a peak between 2-4 

DPI of 1.4x107, 1.2x106, and 1.9x105 copies/mL respectively (Figures 3.1G-1I); viral RNA then 

steadily decreased until 10-11 DPI. SARS-CoV-2 RNA levels remained similar in nasal, throat, or 

BAL between the baricitinib treated and the untreated group. Virus was not detected in blood and 

transiently present in rectal swabs (Figure 3.1J). At necropsy (10-11 DPI), viral RNA was detected 

for most animals in nasopharynx, lower/upper lungs, and hilar lymph nodes; viral RNA was 

detected in the ileum of 4/4 untreated and 1/4 treated RMs. Viral loads (cycle threshold value) in 

tissue for treated and untreated RMs were overall comparable (Figure 3.1K). Additionally, in situ 

RNA hybridization (RNAscope) targeting both positive and negative-sense viral RNA strands 

identified multifocal clusters of infected cells within the lung parenchyma in both treated and 

untreated RMs (Figure 3.S2A). Thus, baricitinib treatment starting at 2 DPI was safe and well 

tolerated, but did not impact the kinetics of SARS-CoV-2 replication. 
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Baricitinib reduced lung pathology and inflammation in SARS-CoV-2 infected rhesus 

macaques 

We then performed multiple analyses to determine the severity of SARS-CoV-2 infection in RMs 

and the effectiveness of baricitinib to ameliorate the pathophysiologic response. First, x-ray 

radiographs (RM6 x-ray; Figure 3.2A) were longitudinally (-5, 2, 4, 7 and 10 DPI) performed 

(blinded scoring by a radiologist as previously reported (450, 520)). Pulmonary infiltration and ground 

glass opacity were observed at multiple experimental timepoints post-infection in 2/4 untreated 

and 0/4 treated RMs (Figures 3.2B and 3.2C), with one of the untreated animals showing severe 

pneumonia at all post-infection time points (Figures 3.2B and 3.2C). Second, we measured 

serum levels of several systemic inflammatory markers. Among these, ferritin (4 DPI, p=0.0286; 

and 10 DPI, p=0.0286) and C-reactive protein (CRP; 4 DPI) were found to be elevated in the 

untreated when compared with the baricitinib treated RMs (Figures 3.2D and 3.2E). Previous 

reports have indicated that heightened ferritin and CRP levels are indicative of COVID-19 severity 

in humans (529, 530). Finally, to assess lung damage of SARS-CoV-2 infection, all RMs were 

euthanized at 10 or 11 DPI. At necropsy, multiple regions of upper, middle and lower lung lobes 

were taken for immunologic, virologic and pathologic analyses. Lung pathologic analyses and 

scoring were performed by two pathologists independently in a blinded fashion. Treated RMs 

showed decreased type 2 pneumocyte hyperplasia, peribronchiolar hyperplasia, syncytia 

formation, alveolar septal thickening and inflammatory cell infiltration (Figures 3.2F-3.2K). 

Consistent with the pathology scoring, neutrophil (myeloperoxidase, MPO+, cells) and 

macrophage (ionized calcium-binding adaptor molecule, Iba-1+, cells) infiltration, as well as levels 

of cells expressing the proliferation marker Ki-67 appeared to be decreased in the lungs in 

baricitinib treated RMs as measured by quantitative immunohistochemistry (IHC) (Figures 3.S2B-

3.S2G). Levels of Mx1 were similar between both groups (Figures 3.S2H-3.S2I). Of note, some 

of the SARS-CoV-2 infected animals in both groups showed cell infiltration levels similar to 
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uninfected RMs, indicating a resolution of the infiltration at 10-11 DPI, consistent with an earlier 

peak of pathogenesis in RMs, as previously published (328, 450, 520-522). The average pathology score 

per lobe (measuring the average severity of abnormalities per lobe, independently of how many 

lobes had been effected, p=0.0286) and the total pathology score (considering severity and 

number of effected lobes, p=0.0857) were lower in the baricitinib treated group (0.99 and 22, 

respectively) as compared to untreated RMs (1.66 and 38.5, respectively) (Figures 3.2L-3.2N). 

Overall, these data support a therapeutic role of baricitinib in reducing lung pathology, infiltration 

of inflammatory cells in the lung, and soluble markers of inflammation associated with disease 

progression in humans. 

 

Baricitinib treatment dampens gene signatures of macrophage inflammation and 

neutrophil degranulation in the BAL of SARS-CoV-2 infected rhesus macaques 

To investigate the impact of baricitinib on the lower airway, we performed bulk RNA-Seq profiling 

of cells isolated from BAL prior to SARS-CoV-2 inoculation (-5 DPI; Baseline); 2 days after virus 

inoculation, prior to baricitinib treatment (2 DPI); and 4 days after infection, and 48 hours after 

beginning baricitinib (4 DPI). Relative to pre-infection, we observed a robust upregulation of 

differentially expressed genes (DEGs) at 2 DPI in both the treated and untreated RMs (Figure 

3.3A), however at 4 DPI only a handful of DEGs were detected in the baricitinib treated animals, 

whereas a robust transcriptional response persisted in the untreated group. To identify 

immunological pathways perturbed by SARS-CoV-2 infection and baricitinib treatment, we 

performed gene-set enrichment analysis (GSEA) (531). To determine pathways that changed after 

drug administration, we directly compared gene expression profiles at 2 DPI to 4 DPI. Comparison 

of GSEA data from 2 DPI to 4 DPI in untreated RMs show robust, highly significant positive 

enrichment in pathways comprised of genes for inflammatory responses, TNFα and IL6 signaling, 

neutrophil and granulocyte function – indicating that, in the absence of baricitinib, expression of 
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these genes continues to increase (Figure 3.3B). In stark contrast, when a similar comparison of 

2 DPI vs 4 DPI was tested in RMs receiving baricitinib, we observed negative enrichment, 

indicating that inflammatory genes were expressed at lower levels already after only 2 days of 

treatment (Figure 3.3B). To confirm the robustness of our enrichment analysis in detecting 

downregulation of inflammatory pathways with treatment, we also conducted GSEA analyses 

using direct cross-sectional comparisons (i.e. 4 DPI untreated vs 4 DPI treated); these data 

demonstrated that inflammatory signatures were significantly lower in animals receiving baricitinib 

at 4 DPI, although equivalent when comparing 2 DPI samples in which neither group had received 

the drug (Figures 3.S3A and 3.S3B).  

 

To explore the impact of baricitinib on the inflammatory responses induced by SARS-CoV-2 

infection at the gene level, we examined several pathways in greater detail (Figures 3.3C-3.3J). 

One of the highest scoring pathways, neutrophil degranulation, was significantly enriched at 4 

DPI relative to 2 DPI in the untreated group (p<0.001) (Figure 3.3C). Strikingly, enrichment of this 

pathway was completely abrogated in the treated group (p=0.979). When we examined individual 

genes that were (i) elevated by SARS-CoV-2 infection, and (ii) influenced by baricitinib treatment, 

we observed that several genes were those encoding degradative and bactericidal enzymes 

present in neutrophil granules (MMP9, MMP25, BPI, MPO), or highly expressed on 

polymorphonuclear neutrophils (CXCR1 and CXCR2), the alarmin S100A12, and genes for 

proteins that act to degrade the extracellular matrix during neutrophil extravasation: SERPINB10, 

ADAM8 (Figure 3.3G). Of note, S100A12, (EN-RAGE), for which expression was effectively 

reduced by baricitinib treatment, has been associated with COVID-19 severity in humans (532). 

These genes were highly upregulated in BAL samples of untreated RMs, but substantially 

attenuated in treated animals, many at levels equivalent to pre-infection (Figure 3.3G). 

Collectively, these gene signatures suggest that baricitinib treatment may dampen macrophage 
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inflammation as well as neutrophil recruitment and activity in the lower airway during acute SARS-

CoV-2 infection. We also examined the enrichment of neutrophil pathway genes in cross-sectional 

GSEA comparisons, as shown in Figures 3.S3C and 3.S3D; this analysis largely mirrored our 

D2 vs D4 observations. Additionally, we observed several alarmin proteins (S100A8, S100A9) 

had lost their induction at 4 DPI in animals receiving baricitinib, as did the MPO gene. These 

genes have been recently demonstrated to be highly expressed in the myeloid compartment of 

peripheral blood of patients exhibiting severe COVID-19 disease (533, 534).  

 

Baricitinib treatment also rapidly induced near complete abrogation of inflammation mediators 

downstream of TNFα signaling and IL6 signaling (Figures 3.3D and 3.3E, 3.3H and 3.3I).  Within 

these pathways, amongst the molecules suppressed by baricitinib were chemotactic factors 

critical for recruitment of neutrophils (CXCL6, CXCL3) and macrophages (CCL2), inflammatory 

serine protease factors (SERPINB2, TNFAIP6) and cytokines regulating inflammation and 

immune responses (IL12B). Of note, genes identified as upregulated in rheumatoid arthritis (RA) 

were found to be significantly enriched (p=0.0448) in untreated as compared to treated animals 

at 4 DPI, despite similar gene expression at 2 DPI (Figures 3.S3E and 3.S3F). In the leading-

edge analysis of the RA pathway we noted lower expression of several inflammatory mediators 

such as CXCL8, IL1B, CCL5, CCL3, CCL20, IL18, IL6 and CXCL12 (Figures 3.S3G and 3.S3H). 

As baricitinib was developed to ameliorate inflammation in RA by inhibiting JAK1/2 signaling, and 

consistently with the reduction in the IL-6/JAK/STAT3 signaling pathway (Figure 3.3I), these data 

confirm the effectiveness of baricitinib in the lower airway of SARS-CoV-2 infected RMs.  

 

Several of the significantly enriched genesets were comprised of genes in Type I interferon 

signaling (Figure 3.3B) and multiple interferon stimulated genes (ISGs) had elevated expression 

relative to baseline (Figure 3.3J). In both treated and untreated groups, we observed a slight 
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reduction in expression at 4 DPI relative to 2 DPI (Figures 3.3B and 3.3F). However, unlike 

genesets associated with inflammation, genes associated with Type I IFN signaling and innate 

antiviral responses were unperturbed by baricitinib. Thus, baricitinib treatment potently 

suppressed inflammatory pathways in the lower airway of RMs infected with SARS-CoV-2, but 

left innate antiviral signaling largely intact. 

 

Baricitinib treatment abolishes inflammatory cytokine and neutrophil chemoattractant 

expression in bronchoalveolar macrophages of SAR-CoV-2 infected rhesus macaques 

The bulk RNA-Seq data indicated that gene signatures consistent with macrophage activation, 

neutrophil infiltration and cytokine driven inflammation were evident as early as 2 DPI, and that 

baricitinib was capable of abrogation of these pathways. To identify the cellular component 

orchestrating airway inflammation, we performed single-cell RNA-Seq (sc-RNA-Seq) profiling 

using 10X Genomics-based droplet sequencing. Single cell suspensions of BAL samples from 

three untreated and two baricitinib treated RMs prior to infection, and at 4 DPI were subjected to 

10X droplet capture within 3 hours of collection. After processing to remove erythrocytes and low-

quality cells, the captures yielded a cumulative 45,583 cells across all samples for analysis. The 

cellular distribution is summarized in the UMAP shown in Figure 3.4A. Similar to observations 

reported in sc-RNA-Seq data in humans infected with SARS-CoV-2 (535-537), the vast majority of 

cells in BALs were predominantly macrophage/myeloid origin (80.7%), followed by lymphocytes 

(CD4+/CD8+ T cells/ NK cells) (9.8%) and approximately 3.2% were identified as epithelial. 

Allocation of cells from the cumulative data by treatment variables (Figure 3.4B) demonstrated 

that the cellular distribution was equivalent amongst the experimental groups and no population 

was enriched due to batch or technical variation associated with individual captures. We probed 

the macrophage population for upstream regulators associated with the inflammatory pathways 

identified in the bulk RNA-Seq analyses, and observed elevated expression of several 
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inflammatory mediators at 4 DPI: IL6, TNF�, IL1� and IL10 (Figures 3.4C, 3.S4 and 3.S5). IFN� 

was also highly expressed in the macrophage cluster, however, IFN� transcripts were detected 

in a virtually negligible fraction of cells (Figures 3.4C, 3.S4 and 3.S5). Strikingly, and consistent 

with the bulk RNA-Seq data, we observed that baricitinib treatment virtually dampened expression 

of TNF�, IL10, IFN� and IL6 in pulmonary macrophages, and significantly reduced expression 

of IL1���Figure 3.4C�� We also observed a robust induction of chemokines driving neutrophil 

recruitment (CXCL3/MIP2�, CXCL8/IL8), macrophage trafficking (CCL4L1/MIP1�), and 

CXCL10/IP10 (Figures 3.4D and 3.4E), a pleiotropic chemokine upregulated in several viral 

infections, and long hypothesized to be associated with pathogenesis in SARS-CoV-1 viral 

infection and observed in SARS-CoV-1 infection of NHPs (538-540). Notably, after 48 hours of 

baricitinib treatment, expression of these proinflammatory cytokines was reduced to basal levels 

(Figures 3.4D and 3.4E). Examination of the expression levels of antiviral ISGs in pulmonary 

macrophages yielded a much different pattern than those observed for inflammatory genes – 

although widespread induction of ISGs were observed after SARS-CoV-2 infection, baricitinib 

treatment had only a very modest impact on these pathways (Figure 3.4F). Collectively, these 

data support a model in which baricitinib administration strongly reduces airway inflammation and 

neutrophil accumulation, but has a minimal effect on innate antiviral immunity.  

 

Baricitinib leads to reduced BAL levels of neutrophils and neutrophil NETosis activity  

To gain insight into the immunologic effects of baricitinib treatment on cellular distribution within 

BAL, we applied global high-dimensional mapping of 23-parameter flow cytometry data. As shown 

in the UMAP representation (Figure 3.5A), untreated and baricitinib treated RMs had different 

BAL cellular distribution starting from 4 DPI, corresponding with the timepoint of peak 

inflammation and viremia, including in neutrophils. This was of interest considering the higher 

frequency of macrophages expressing neutrophil-attracting chemokines in untreated RMs 
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(Figures 3.4D and 3.4E).  Thus, we focused our flow cytometry immunologic analyses in 

quantifying the longitudinal levels of neutrophils (CD45+CD3-CD20-CD66+ live granulocytes; 

representative staining in Figures 3.S6A and 3.S6B). Analyses of BAL showed an early 

recruitment of neutrophils in the lung at 4 DPI during the peak of viremia, particularly in the 

untreated RMs, which all maintained higher frequencies of neutrophils at later stages of infection 

(10-11 DPI) as compared to baricitinib treated RMs (Figure 3.5B; p=0.0286). In blood, neutrophils 

(Figure 3.5C) remained relatively stable post infection as compared to pre-infection and at lower 

levels in untreated as compared to treated animals at the latest experimental points (p=0.0571), 

consistently with a higher migration to lung in untreated RMs. The levels of CD14+CD16- (Figure 

3.5D) and CD14+CD16+ monocytes in the BAL were, on average, slightly higher in untreated RMs 

at 4, 7, and 10 DPI, with the difference due to 3 of 4 untreated RMs having levels higher than the 

untreated animals at specific timepoints (Figure 3.5D). Since the flow cytometry data of BAL 

shows a reduced migration of neutrophils to lung in baricitinib-treated RMs, we next measured 

neutrophil extracellular trap (NET) activity by quantification of extracellular DNA via Sytox staining, 

a functional readout of NETosis activity (Figures 3.5E and 3.5F) and by quantification of 

citrullinated H3 (Figure 3.5G), a systemic marker indicating a post-translational modification 

thought to precede DNA decondensation during NETosis. NETs have been reported as an 

important mechanism of inflammation and microvascular thrombosis in patients with COVID-19 

(541). Baricitinib treated RMs showed decreased NET formation by blood neutrophils at 4 (more 

evident for citrullinated H3, Figure 3.5G; p = 0.0571) and 10 (more evident for Sytox staining, 

Figure 3.5F; p=0.0571) DPI when compared to untreated RMs.  Finally, when the formation of 

NETs was examined directly in the lung by IHC staining for citrullinated H3, 3/4 untreated RMs 

showed presence of NETs whereas NETs were virtually absent in treated RMs (Figure 3.5H). 
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Altogether, these data support baricitinib activity in reducing macrophage-derived inflammation 

and by decreasing pro-inflammatory neutrophilic levels, activity and NETosis.  

 

Baricitinib reduced T cell immune activation in SARS-CoV-2 infected rhesus macaques  

Our transcriptomic data indicated that baricitinib reduced macrophage expression of multiple 

cytokines that can induce T cell immune activation. As such, we then analyzed levels of T cells, 

and their frequency of activation and proliferation by flow cytometry (gating strategy shown in 

Figure 3.S6C). CD4+ T cell levels in blood remained similar between treated and untreated 

animals, with 1/4 baricitinib treated and 2/4 untreated RMs exhibiting a pronounced reduction in 

CD4+ T cell frequencies at 10 DPI (Figure 3.6A). We observed an expansion of CD4+ TRegs 

(CD45+CD3+CD4+CD95+CD127-CD25+FoxP3+; representative staining in Figure 3.S6C) at 4 

(p=0.0571) and 6 DPI in the untreated, but not in the baricitinib treated RMs (Figure 3.6B). 

Specifically, the mean fold change in CD4+ TRegs frequency at 4 and 6 DPI, as compared to pre-

treatment baseline (2 DPI), was of 7.43 and 4.36 in untreated and of 1.22 and 1.13 in baricitinib 

treated RMs, respectively, suggesting higher levels of inflammation in the untreated group 

resulting in greater expansion of CD4+ TRegs (Figure 3.6C). Peripheral CD8+ T cells were reduced 

at 10 DPI in 2/4 baricitinib treated and 2/4 untreated RMs (Figure 3.6D). Notably, the frequency 

of proliferating (Ki-67+) memory CD8+ T cells in blood progressively and significantly increased in 

all 4 untreated animals at 7 and 10 DPI, while significantly decreasing in all baricitinib treated RMs 

already at 4 DPI. As a result, at 10 DPI the mean frequency of CD8+Ki-67+ was significantly higher 

in untreated RMs (24.38% vs 7.38%; p = 0.0286, Figure 3.6E). 

 

CD4+ T cells in the BAL remained relatively constant until 7 DPI, when the majority of RMs started 

experiencing a reduction in their frequencies (Figure 3.6F). Untreated RMs showed an early 
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(present at 4 DPI), large (mean fold change of 3.31 at 7 DPI vs 2 DPI compared to 1.14 in the 

treated RMs) and prolonged (up to 10 DPI) increase in the frequency of memory CD4+ T cells 

expressing CD38 (CD38+HLA-DR-; 4 DPI, p=0.0286, Figure 3.6G). Remarkably, different from 

untreated RMs, the frequency of those activated memory CD4+ T cells decreased in baricitinib 

treated animals starting at 4 DPI and remained lower than pre-treatment until 10 DPI (Figure 

3.6G). Consistent with a reduced pro-inflammatory state of CD4+ T cells, baricitinib treated RMs 

showed a lower frequency of CD4+ T cells that spontaneously (without stimulation) produced pro-

inflammatory, Th17 related cytokines (IL-17+; IL-17+IL-21+; IL-17+IL-22+) when compared to 

untreated RMs (Figures 3.S7A-3.S7C).  

 

As with CD4+ T cells, the reduction in CD8+ T cells was more pronounced in BAL, starting at 7 

DPI and maintained until necropsy (Figure 3.6H). Similarly, also in BAL the frequency of CD8+Ki-

67+ T cells increased more extensively in untreated than baricitinib-treated RMs (30.53% vs 

11.53% at 7 DPI; 39.95% vs 24.65% at 10 DPI; Figure 3.6I); as a result, the fold change (as 

compared to 2 DPI, pre-treatment) in the frequency of memory CD8+Ki-67+ T cells was higher in 

untreated then baricitinib treated RMs both at 7 (8.22 vs 1.02) and 10 (6.28 vs 2.48) DPI. A similar 

trend was measured for activated memory CD8+ T cells, with higher frequency and fold change 

in untreated than baricitinib treated RMs at 7 (FC CD38+DR-: 23.67 vs 1.62) and 10 (FC CD38+DR-

: 9.81 vs 1.43) DPI (Figure 3.6J). Representative staining for Ki-67 and HLA-DR by CD38 in CD4+ 

and CD8+ T cells are shown in Figures 3.6K-3.6M. These results corroborate the reduced 

frequency of Ki-67+ cells observed in baricitinib treated compared with untreated animals in lung 

via quantitative IHC analysis (Figures 3.S2F and 3.S2G). 

 

Finally, we assessed the ability of peripheral T cells to respond to ex vivo SARS-CoV-2 specific 

stimulation (with a SARS-CoV-2 S peptide pool characterized in (361)) and to non-antigen specific 
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stimulation (with PMA/ionomycin). Importantly, the levels of SARS-CoV-2 specific CD4+ and CD8+ 

T cells producing IFNγ, TNFα, IL-2, IL-4 and IL-17a in response to S peptide pool stimulation were 

similar in both groups of animals (Figures 3.S7D-3.S7F). Similarly, the frequency of CD4+ and 

CD8+ T cells producing IL-17a, IL-21, IL-22, IFNγ, and TNFα were similar among the two groups 

after PMA/Ionomycin stimulation (Figures 3.S7G and 3.S7H). Furthermore, levels of memory 

CD4+ and CD8+ T cells expressing granzyme B or PD-1 remained similar between untreated and 

treated RMs both in blood (Figures 3.S7I and 3.S7J) and BAL (Figures 3.S7K and 3.S7L).  

 

Collectively, these findings indicate that baricitinib treatment lead to downstream reduction in T 

cell activation and proliferation, without an overall detrimental effect to antiviral function of T cells.  

 

Discussion 

In this study, we tested baricitinib, a JAK1/2 inhibitor clinically approved for rheumatoid arthritis, 

as a therapeutic candidate to reduce systemic inflammation caused by SARS-CoV-2 infection in 

RMs. Notably, baricitinib treated RMs displayed reduced (i) lung pathology, from moderate in 

untreated animals to mild; (ii) levels of inflammatory cytokines, chemokines, and signaling 

pathways associated with macrophage inflammation, neutrophil recruitment, and disease 

progression in SARS-CoV-2 infected humans; and (iii) levels of systemic inflammation that are 

associated with COVID-19 severity in humans while not having an impact on Type 1 IFN 

responses. This beneficial anti-inflammatory effect of baricitinib was confirmed by a reduced 

infiltration of macrophages and neutrophils into the lungs, and a reduced T cell activation in both 

blood and BAL as compared to untreated animals. Furthermore, we were able to observe an 

increased NETosis activity of neutrophils upon SARS-CoV-2 infection, previously described in 

serum from COVID19 patients (541), which was reduced in baricitinib treated RMs. Remarkably, 

single-cell RNA sequencing showed reduced immune activation, neutrophil recruitment, and 
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macrophage trafficking signatures in pulmonary macrophages from treated RMs already after two 

doses of baricitinib, at 4 DPI. IL-6, TNFα, IL-10, IL-1B���CXCL3/MIP-2�, CXCL8/IL8, 

CCL4L1/MIP-1�, and CXCL10/IP-10 were all expressed at higher levels in pulmonary 

macrophages from untreated animals compared to baricitinib treated RMs. These data confirm 

very recent studies that demonstrated by RNA-Seq analysis that higher levels of inflammatory 

cytokines in lung macrophages are associated with patients presenting with severe/critical 

COVID-19 cases (537). Thus, baricitinib could have clinical benefits in reducing the inflammatory 

response typically seen in moderate to severe cases of COVID-19 (Figure 3.7). Of note, one of 

the advantages of baricitinib when compared with other cytokine-specific anti-inflammatory 

therapies is that it can inhibit production of several cytokines involved in the cytokine storm 

described in severe cases of COVID-19.  

  

Clinical pathology and laboratory parameters of toxicity remained similar in the treated RMs for 

the 8-9-day treatment course at a dose comparable to humans (524, 527, 542). Baricitinib was found 

distributed in lungs, a key tissue for SARS-CoV-2 replication, as well as in the central nervous 

system (CNS). Although several in silico modeling and in vitro studies suggested baricitinib as a 

possible treatment candidate to COVID-19 due to its potential antiviral activity (524-527), we did not 

observe changes in viral replication dynamics in the treated animals. One of the main concerns 

in using a JAK inhibitor such as baricitinib, is that its downstream anti-immune activation effects 

could limit immune responses necessary to combat SARS-CoV-2. Importantly, we did not identify 

reduction of SARS-CoV-2 specific and unspecific CD4+ and CD8+ T cell responses in treated 

animals, and baricitinib did not inhibit genes associated with Type I Interferon antiviral responses, 

indicating its mode of action in this context is primarily to dampen inflammatory responses while 

maintaining innate and adaptive antiviral immune responses. While ISGs can certainly be 

stimulated via the JAK/STAT pathways, ISGs have also been shown to be highly inducible via the 
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STING and RIG-I pathways (543-545), which are not affected by baricitinib. It is possible that these 

pathways could compensate for the reduced stimulation via the JAK/STAT pathway. 

 

Several ongoing clinical trials are studying the effects of baricitinib in SARS-CoV-2 infected 

humans. Currently, the Adaptive COVID-19 Treatment Trial (ACTT-2; NCT04401579) is 

evaluating the effects of baricitinib in combination with remdesivir and the COV-BARRIER trial 

(NCT04421027) is studying baricitinib as a monotherapy. Participants are treated with placebo, 

remdesivir alone or a combination of remdesivir and baricitinib. In a retrospective cohort study, 

15 patients with severe COVID-19 were administered a short-course of baricitinib in combination 

with hydroxychloroquine and this was associated with a complete recovery in 11/15 subjects (527). 

In a separate pilot study, baricitinib was combined with lopinavir-ritonavir in 12 patients starting 

treatment 6 days post-symptom onset, with all individuals showing significantly improved clinical 

and laboratory parameters with no treated individuals requiring ICU care (524). Being performed in 

an animal model, this study has some key advantages and some important limitations. 

Advantages include the ability to correct for parameters that may impact clinical outcome and 

treatment readout, including using the same virus inoculum, dose, route of infection and starting 

baricitinib at the same phase of infection in all subjects. Furthermore, the NHP model permits 

longitudinal collection of BAL and lung at necropsy, which in turn allows the in-depth 

characterization of the mechanism and impact of baricitinib on immune activation and 

immunologic responses, including single-cell RNA sequencing analyses of macrophages, at the 

foci of infection. The main limitation of the study is the small group size, with a total of eight RMs; 

furthermore, being that SARS-CoV-2 infected RMs is a model of mild to moderate COVID-19 with 

no untreated animals succumbing to infection, and with treatment initiated early after infection, 

we cannot determine if the therapeutic impact of baricitinib will be the same in severe COVID-19 

patients and when started at a later phase post-infection. Mitigating that concern, in our study, 
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treatment started once inflammatory signatures were already up-regulated, mimicking the 

conditions in which baricitinib would be administered clinically. Indeed, a recent small clinical trial 

in 20 severe COVID-19 patients indicated that baricitinib mitigated immune dysregulation by 

reducing plasma levels of IL6, IL1��and TNF� and lowered time to recovery (542). Our data 

provides rationale for baricitinib treatment in COVID-19 to be given in a window where blocking 

immune inflammation would prevent the formation of a cytokine storm without interfering in the 

initial responses necessary for preventing viral dissemination and persistence.  

 

In conclusion, this study provides rationale and mechanisms of actions for a beneficial anti-

inflammatory effect of baricitinib treatment for COVID-19. 
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Materials and Methods 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Mirko Paiardini (mirko.paiardini@emory.edu).  

 

Materials Availability 

This study did not generate new unique reagents.  

 

Data and Code Availability 

The datasets generated during this study are available at Gene Expression Omnibus (GEO) 

accession GSE159214 and code can be made available upon requests. 

 

 

Data Availability Statement 

Source data supporting this work are available from the corresponding author upon reasonable 

request. The following sequencing data have been deposited in GenBank: SARS-CoV-2 viral 
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stock. Data tables for expression counts for bulk and single-cell RNA-Seq for BAL are deposited 

in NCBI’s Gene Expression Omnibus and are accessible through GEO accession GSE159214. 

Custom scripts and supporting documentation on the RNA-Seq analyses will be made available 

at https://github.com/BosingerLab/.  

EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Study Approval 

YNPRC’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 and approved by Emory University’s Institutional Animal 

Care and Use Committee (IACUC) under permit PROTO202000035. 

 

Animal models 

Eight (4 female and 4 male) specific-pathogen-free (SPF) Indian-origin rhesus macaques (RM; 

Macaca mulatta; Table 3.S1) were housed at Yerkes National Primate Research Center (YNPRC) 

as previously described (129) in the ABSL3 facility. Animals for study assignment were requested 

to be greater than 11 years old without preference for gender or MHC haplotype. 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. Absent further stratification criteria, four RMs were 

administered 4 mg Baricitinib (Olumiantâ, Eli Lilly) starting at day 2 post-infection (DPI) for 8-9 

consecutive days. Baricitinib was supplied as a powder that was folded into food items (i.e. honey, 

yogurt, etc.) or distilled water, which was delivered either orally or as a gavage when animals 
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were being anesthetically accessed, respectively. At each anesthetic access pulse oximetry was 

recorded and RMs were clinically scored for responsiveness and recumbency; discharges; skin 

condition; respiration, dyspnea, and cough; food consumption; and fecal consistency (Tables 

3.S2 and 3.S3).  At 10-11 DPI, RMs were administered Baricitinib and subjected to necropsy after 

2 hours with blood and cerebrospinal fluid (CSF) collected perimortem to assess 

pharmacokinetics of baricitinib. Longitudinal tissue collections of peripheral blood (PB); axillary or 

inguinal lymph node (LN) biopsies; bronchoalveolar lavage (BAL); and nasal, and pharyngeal 

mucosal swabs in addition to thoracic X-rays (ventrodorsal and right lateral views) were performed 

immediately prior to Baricitinib administration as annotated (Figure 3.1A). In addition to the 

tissues listed above, at necropsy the following tissues were processed for mononuclear cells: hilar 

LN, lower lung, and upper lung. Additional necropsy tissues harvested for histology included 

nasopharynx. 

METHOD DETAILS 

Viral Stocks 

Vero E6 cell line (African Green Monkey Kidney cell line; CRL-1586, ATCC) was used in this 

study.  Vero cells were cultured and maintained in MEM (Sigma) supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (Gibco) and 1 mM L-glutamine (Gibco), 50 U/ml penicillin 

and 50 μg/ml streptomycin (Gibco). The cells were kept at 37°C in the presence 5% CO2.  At 

the time of virus inoculation and propagation, the concentration of FBS was reduced to 2%. 

SARS-CoV-2 (NR-52281: BEI Resources, Manassas, VA; USA-WA/2020, Lot no. 70033175) 

was passaged on Vero E6 cells at a MOI of 0.01 to produce the infectious viral stock. SARS-

CoV-2 has been propagated and titrated by TCID50 method followed by storage of aliquots at -

80°C until further use in the experiments. 
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Back titration of viral stocks via plaque assay was used to determine the infectious dose 

delivered to the RMs. The virus stock was also directly sequenced via metagenomic methods 

prior to inoculation to confirm the presence of the furin cleavage motif, which has been shown 

to be lost upon sequential passage of SARS-CoV-2 in culture (546)). Our stock contained fewer 

than 6% of viral genomes with a mutation that could potentially abrogate furin-mediated 

cleavage of S.  

 

Determination of viral load RNA 

SARS-CoV-2 genomic RNA was quantified in nasopharyngeal (NP) swabs, throat swabs, plasma, 

and bronchoalveolar lavages (BAL). Swabs were placed in 1mL of Viral Transport Medium (VTM-

1L, Labscoop, LLC). Viral RNA was extracted from NP swabs, throat swabs, and BAL on fresh 

specimens, while plasma was frozen for future analysis. Viral RNA was extracted manually using 

the QiaAmp Viral RNA mini kit according to the manufacturer’s protocol. 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’. 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 257 copies per mL of VTM/plasma/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. 
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SARS-CoV-2 quantification from necropsy samples 

An approximately 0.5 cm3 sample of each tissue was collected at necropsy, placed in 500µL 

Nuclisens lysis buffer (Biomerieux), and stored at -80℃. Thawed samples were homogenized with 

a sterile pestle, treated with 50µL proteinase K (Qiagen) for 30 minutes at 55℃, and pelleted. 

Total nucleic acid was extracted from 250µL of supernatant using eMAG (Biomerieux) and eluted 

into 50µL. RT-PCR for SARS-CoV-2 N2 was performed as previously described, and singleplex 

RT-PCR for RNase P was performed using primers and probes optimized for quantitation, each 

using 5µL of eluate (547). To allow for comparison of SARS-CoV-2 levels between samples that 

may have had subtle differences in starting material, the SARS-CoV-2 N2 Ct was normalized to 

the RNase P control by: 1) calculating the difference between N2 Ct and RNase P Ct for each 

sample, and 2) adding this to the median RNase P Ct value for the sample type. For the purposes 

of data visualization, samples in which SARS-CoV-2 N2 was undetected were assigned a Ct value 

of 40 (the assay limit of detection). 

 

Quantification of baricitinib by LC-MS/MS in plasma, CSF and tissue.  

One hundred µL of plasma or CSF samples were extracted with 500 µL of methanol. For tissues 

like brain and lung, 0.2 to 0.5 g of tissue were homogenized and extracted with 2 mL of methanol. 

[2H9]-ruxolitinib dissolved in 50% methanol at 500 nM was spiked in plasma/CSF (10 µL) or tissue 

samples (40 µL) as internal standard before extraction. The supernatant of each extraction (50 

µL) was mixed with equal amount of 0.1% formic acid and then subjected to LC-MS/MS analysis 

after filtration through 0.22 µm membrane with Costar Spin-X centrifuge tube filters (Corning, NY). 

A Vanquish Flex HPLC system (Thermo Scientific, Waltham, MA) coupled with a TSQ Quantiva 

triple quadrupole mass spectrometer (Thermo Scientific, Waltham, MA) with an ESI interface was 
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used for LC-MS analysis. Analytes were separated by a Kinetex EVO-C18 column (100 x 2.1 mm, 

2.6 µm; Phenomenex, Torrance, CA) at a flow rate of 300 µL/min, 35°C. Gradient elution was 

used for the separation with mobile phase A (0.1% formic acid) and mobile phase B (acetonitrile). 

The LC gradient started with 10% of mobile phase B for 0.5 min, then increased from 10% to 90% 

in 4 min and kept at 90% for 0.5 min before returning to the initial condition. Selected reaction 

monitoring in positive mode (spray voltage: 3,200 V; sheath gas: 40 Arb; auxiliary gas: 20 Arb; 

ion transfer tube temperature: 350°C; vaporizer temperature: 350°C) was used to detect baricitinib 

(372.1 ® 251.1) and the internal standard [2H9]-ruxolitinib (316.2 ® 186.1). Data were collected 

and processed by Thermo Xcalibur 3.0 software. Calibration curves were generated from 

standard baricitinib by serial dilutions in blank biometric samples using the same extraction 

method described above. For CSF, 0.5% plasma was used as surrogate to make calibration 

curve. The calibration curves had r2 value greater than 0.99.  

 

All the chemicals are analytical grade or higher and were obtained commercially from Sigma-

Aldrich (St. Louis, MO). [2H9]-ruxolitinib was purchased from ALSACHIM (lllkirch, Alsace, France) 

with purity greater than 98%. 

 

Quantification of ferritin and CRP  

Serum ferritin (Beckman Coulter; Cat# 33020) and C-Reactive protein (Beckman Coulter; Cat# 

OSR6147) levels were quantified by Emory Medical Laboratory using manufacturer protocols. 

 

Histopathology and immunohistochemistry 

Due to study end point, the animals were euthanized, and a complete necropsy was performed. 

For histopathologic examination, various tissue samples including lung, nasal turbinates, trachea, 
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or 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 semi-quantitatively as Grade 0 (None); Grade 1 (Mild); Grade 2 (Moderate) 

and Grade 3 (Severe). 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). 

 

Immunohistochemical (IHC) staining of sections of lung was performed using a biotin-free polymer 

system. The paraffin-embedded sections were subjected to deparaffinization in xylene, 

rehydration in graded series of ethanol, and rinsed with double distilled water. Antigen retrieval 

was performed by immersing sections in DIVA Decloaker (Biocare Medical) at 125 ̊C for 30 

seconds in a steam pressure decloaking chamber (Biocare Medical) followed by blocking with 

Background Sniper Reagent (Biocare Medical) for 10 minutes. The sections were incubated with 

Thyroid Transcription Factor-1 (Clone 8G7G3/1) for overnight at 4°C followed by a detection 

polymer system (MACH 2™; Biocare Medical). Labeled antibody was visualized by development 

of the chromogen (DAB Chromogen Kits; Biocare Medical).  

 

Tissues were fixed in freshly prepared 4% paraformaldehyde for 24 h, transferred to 70% ethanol, 

paraffin embedded within 7-10 days, and blocks sectioned at 5 µm.  Slides were baked for 30-60 



 102 

min at 65oC then deparaffinized in xylene and rehydrated through a series of graded ethanol to 

distilled water. Heat induced epitope retrieval (HIER) was performed with the antigen retrieval 

buffers citraconic anhydride (0.01% with 0.05% Tween; Mx1, Iba-1, and Ki-67) or citrate buffer 

(pH 6.0; MPO) in a Biocare NxGen Decloaking Chamber that was set to 110°C for 15 min. The 

slides were cooled, rinsed twice in distilled water and 1X TBS with 0.05% Tween-20 (TBS-T), 

blocked (TBS-T + 0.25% casein) for 30 minutes at room temperature, then incubated at room 

temperature with antibodies against Mx1 (EMD; Cat. No. MABF938 at 1:1000 for 1 hour), MPO 

(Dako; Cat. No. A0398 at 1:1000 for 1 hour), Iba-1 (BioCare; Cat. No. CP290A at 1:500 for 1 

hour), and Ki67 (BD Pharmingen; Cat. No. 550609 at 1:200 for 1 hour). Endogenous peroxidases 

were blocked with 1.5% H2O2 in TBS-T for 10 minutes. Slides were then incubated with Rabbit 

Polink-1 HRP (GBI Labs; Cat. No. D13-110 for MPO and Iba-1) and Mouse Polink-2 HRP (GBI 

Labs; Cat. No. D37-110 for Mx1 and Ki67). Slides were developed using Impact™ DAB (3,3′-

diaminobenzidine; Vector Laboratories), washed in ddH2O, counterstained with hematoxylin, 

mounted in Permount (Fisher Scientific), and scanned at 20x magnification on an Aperio AT2 

(Leica Biosystems). Staining for MPO, Mx1, Iba-1, and Ki67 IHC was performed as previously 

described using a Biocare intelliPATH autostainer.  

 

Quantitative image analysis 

Quantitative image analysis was performed using HALO software (v3.0.311.405; Indica Labs) on 

at least one lung lobe cross section from each animal. For MPO (neutrophil) and Iba-1 

(macrophage) quantification, blood vessels (>5mm2), bronchi, bronchioles, cartilage, and 

connective tissue were manually excluded; subsequently, the Multiplex IHC v2.3.4 module was 

used to detect MPO+ or Iba-1+ cells and is presented as a proportion of total alveolar tissue 

(cells/mm2). For Mx1, the Area Quantification v2 module was used to determine the percentage 

of Mx1 as a proportion of the total tissue area. For Ki67, the Multiplex IHC v2.3.4 module was 
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used to quantitative the percentage of positive cells. In all instances, manual curation was 

performed on each sample to ensure the annotations were accurate and to correct false 

positives/false negatives.  

 

RNAscope in situ hybridization 

RNAscope in situ hybridization was performed as previously described (328) using SARS-CoV2 

anti-sense specific probe v-nCoV2019-S (ACD Cat. No. 848561) targeting the positive-sense viral 

RNA and SARS-CoV2 sense specific probe v-nCoV2019-orf1ab-sense (ACD Cat. No. 859151) 

targeting the negative-sense genomic viral RNA. In brief, after slides were deparaffinized in xylene 

and rehydrated through a series of graded ethanol to distilled water, retrieval was performed for 

30 min in ACD P2 retrieval buffer (ACD Cat. No. 322000) at 95-98 oC, followed by treatment with 

protease III (ACD Cat. No. 322337) diluted 1:10 in PBS for 20 min at 40 oC. Slides were then 

incubated with 3% H2O2 in PBS for 10 min at room temperature. Prior to hybridization, probes 

stocks were centrifuged at 13,000 rpm using a microcentrifuge for 10 min, then for the antisense 

probe diluted 1:2 in probe diluent (ACD Cat. No. 300041) to reduce probe aggregation tissue 

artifacts. Slides were developed using the RNAscope® 2.5 HD Detection Reagents-RED (ACD 

Cat. No.322360). 

 

Tissue Processing 

PB was collected from the femoral vein in sodium citrate, serum separation, and EDTA tubes from 

which plasma was separated by centrifugation within 1 hour of phlebotomy. PB was used for 

complete blood counts, comprehensive serum chemistry panels, and measurement of neutrophil 

extracellular traps (NET) activity. From EDTA PB, peripheral blood mononuclear cells (PBMCs) 

were isolated using a Ficoll-Paque Premium density gradient (GE Healthcare), and washed with 



 104 

R-10 media. R-10 media 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). CSF was collected by inserting a 0.75-1.5-inch, 22-25-gauge needle 

below the external occipital protuberance into the cisterna magna and was separated by 

centrifugation.  

 

Nasopharyngeal 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.  

 

Lung tissue was cut into small pieces, using blunt end scissors, then digested using 1.5 U/mL 

DNase I (Roche) and 1 mg/mL of Type I collagenase (Sigma-Aldrich) using gentleMACS C tubes 

and gentleMACS Dissociator (miltenyi Biotec).  
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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), or Nuclisens lysis buffer (Biomerieux) for analyses of compound 

distribution, RNA-seq, and tissue viral quantification, respectively.  

Bulk and single-cell RNA-Seq Library and sequencing from NHP BALs 

Single cell suspensions from BAL were prepared in BSL3 as described above for flow cytometry; 

for bulk RNA-Seq, 50,000 cells were lysed directly into 700 ul of QIAzol reagent.  RNA was 

isolated using RNeasy Mini or Micro kits (Qiagen) with on-column DNase digestion. RNA quality 

was assessed using an Agilent Bioanalyzer and 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 4200 TapeStation, pooled at equimolar concentrations, 

and sequenced on an Illumina NovaSeq6000 at 100SR, yielding 20-25 million reads per sample. 

For single-cell RNA-Seq, single-cell suspensions of 100,000 BAL-derived cells, and 

approximately 30,000 cells were loaded onto 10X Chromium Controller in the BSL3. Single cells 

were partitioned into droplets (Gel Beads in Emulsion: GEMs) using Chromium NextGEM Single 

Cell 5’ Library & Gel Bead kits on the 10X Chromium Controller (548). The resulting cDNA was 

amplified and libraries were prepared for transcriptomic analysis according to manufacturer 

instructions. Gene expression libraries were sequenced as paired-end 26x91 reads on an Illumina 
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NovaSeq6000 targeting a depth of 50,000 reads per cell in the Yerkes Genomics Core 

Laboratory(http://www.yerkes.emory.edu/nhp_genomics_core/). 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 

The quality of reads was evaluated using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned using STAR 

v2.7.3.(549). The STAR index was built by combining genome sequences for Macaca mulatta 

(Mmul10 Ensembl release 100), SARS-CoV2 (strain MN985325.1 - NCBI) and ERCC sequences. 

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 (82). The ReadsPerGene files were used to 

generate counts in the htseq format using a custom script that also converted the Ensembl ID to 

gene names using the gtf file. These files were imported in DESeq2 using 

the DESeqDataSetFromHTSeqCount function. DESeq2 was used for normalization (550), 

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 

+ Group where Group was a combination of Timepoint (baseline/2dpi/4dpi) and Condition 

(Untreated/Treated) factors. The regularized log expression values were obtained using the rlog 

function with the parameters blind =FALSE and filtType = “parametric”. The thresholds of padj < 

0.05, fold-change > 1.5 and lfcSE < 1 were used to obtain significant differentially expressed 

genes. The VennDiagram R library was used to create the venn diagrams. GSEA 4.1.0 

(https://www.gsea-msigdb.org/) was used for gene set enrichment analysis with the following 
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gene sets: Hallmark and Canonical pathways (MsigDB), NHP ISGs (82) and Rheumatoid arthritis 

(KEGG map05323). 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 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 (551).  

 

Single-cell RNA-Seq Bioinformatic Analysis 

Bronchoalveolar lavage (BAL) samples from five Rhesus Macaque’s were run on 2 Nova Seq 

1000 lanes and the resultant bcl files were converted to counts matrices using Cell Ranger v3.1 

(10X Genomics). Further, the count matrices for each sample were processed using an inhouse 

single-cell RNA-seq pipeline that uses Seurat v3.0 (552) to initially integrate data from SARS-CoV-

2 infected and Baricitinib treated samples. The batch corrected samples were filtered for cells 

expressing <250 genes, >10% Mitochondria genes, HBB, RPS and RPL genes and any doublets 

were removed using DoubletFinder (553). After filtration, the data were normalized using 

scTransform normalization followed by Principal Component analysis. PCs 1-30 were chosen for 

clustering analysis, as there was very little additional variance observed beyond PC 30. Cells 

were then clustered based on PC scores using the Louvian-Jaccard method. Uniform Manifold 

Approximation and Projection (UMAP) (554) method was used to visualize the single cells in 2D 

embedding. We used Blueprint Encode database from SingleR (555) to classify cells into different 

cell subtypes. Differential gene expression between the clusters was assessed by MAST (556). 

Heatmaps, Dot plots and Violin plots were generated using ggplot2 (557) package in R. 

 

Immunophenotyping 
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23-parameter flow cytometric analysis was perform on fresh PBMCs and mononuclear cells (106 

cells) derived from LN biopsies, BAL, and lung. Immunophenotyping was performed using anti-

human monoclonal antibodies (mAbs), which we (111, 129, 288, 558) and others, 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 longitudinal T-cell phenotyping in PBMCs: 

anti-CCR7-BB700 (clone 3D12; 2.5 µL; cat. # 566437), anti-CD103-BV421 (clone Ber-ACT8; 5 

µL; cat. # 563882), anti-Ki-67-BV480 (clone B56; 5 µL; cat. # 566109), anti-CXCR6-BV750 (clone 

13B 1E5; 2.5 µL; cat. # 747052), 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 (Figure 3.S6). 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 (339), and mononuclear cells (106 cells) 

derived from LN biopsies, BAL, and lung: anti-CD20-BB700 (clone 2H7; 2.5 µL; cat. # 745889), 
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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-CD115-BV750 (clone 9-4D2-

1E4; 2.5 µL; cat. # 747093), 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-CD69-BUV805 (clone FN50; 2.5 µL; cat. # 

748763), and Fixable Viability Stain 700 (2 µL; cat. # 564997) all from BD Biosciences; anti-CD38-

FITC (clone AT1; 2.5 µL; cat. # 60131FI) from STEMCELL Technologies; anti-CD161-BV421 

(clone HP-3G10; 5 µL; cat. # 339914), anti-HLA-DR-BV650 (clone L243; 5 µL; cat. # 307650), 

anti-CD11c-BV785 (clone 3.9; 5 µL; cat. # 301644), anti-CD11b-PE (clone ICRF44; 2.5 µL; cat. 

# 301306), 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; and anti-

CD27-PE-Cy5 (clone 1A4CD27; 2.5 µL; cat. # 6607107) and anti-NKG2A-APC (clone Z199; 5 µL; 

cat. # A60797) from Beckman Coulter (Figure 3.S6). 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). For each 

sample a minimum of 1.2x105 stopping gate events (live CD3+ T-cells) were recorded except for 

RB in which a minimum of 5x104 stopping gate events 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 software and analyzed with 

FlowJo (version 10.7; Becton, Dickinson, and Company). 
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Single cells were then selected using FSC-A x FCS-H gate. A lymphocyte and granulocyte gate 

based on FSC-A and SSC-A was defined. Live cells were gated followed by CD45+ cells. UMAP 

analysis (Uniform Manifold Approximation and Projection for Dimension Reduction) was 

performed in live CD45+for unbiased evaluation of the distribution of the key markers. Projection 

of the density of cells expressing markers of interest were visualized/plotted on a 2-dimensional 

UMAP (https://arxiv.org/abs/1802.03426, https://github.com/lmcinnes/umap). We used the 

Phenograph clustering approach (https://github.com/jacoblevine/PhenoGraph) 

 

Determination of intracellular cytokine induction following SARS-CoV-2 S peptide pool and 

PMA/Ionomycin stimulation 

Cryo-preserved PBMCs were thawed, resuspended in RPMI medium supplemented to contain a 

final concentration of 10% Fetal Bovine Serum (FBS) (Corning Life Sciences/Media Tech Inc, 

Manassas, VA), 10mM HEPES, 1x MEM nonessential amino acids (Corning Life Sciences/Media 

Tech Inc, Manassas, VA), 1mM Sodium Pyruvate (Lonza, Walkersville, MD, U.S.A), 1mM 

Penicillin/Streptomycin containing Amphothericin B (Sigma Life Sciences, St Louis, MO, U.S.A) 

and 1x 2-Mercaptoethanol (GIBCO, Invitrogen, Carlsbad, CA, U.S.A). PBMCs were rested 

overnight at 37°C in a cell culture incubator. Cells were then stimulated for detection of cytokine 

production by T cells as described before (559). Briefly, 2 x 106 cells were cultured in 200μL final 

volume in 5mL polypropylene tubes (BD Biosciences, San Diego, CA, U.S.A) in the presence of 

anti-CD28 (1μg/mL) and anti-CD49d (1μg/mL) [BD Biosciences] and the following conditions; a) 

negative control with DMSO only, b) S peptide pool (361) and c) PMA/Ionomycin in the presence 

of Golgi transport inhibitors - 10 μg/mL of Brefeldin A (Sigma-Aldrich). After stimulation, cells were 

washed and stained for cell surface antigens with two panels. Panel 1: anti-CD3 BUV395 (clone 

SP34-2; 2.5 µL; cat. # 564117), anti-CD8-BUV496 (clone RPA-T8; 2.5 µL; cat. # 612942), and 

Fixable Viability Stain 700 (2 µL; cat. # 564997) all from BD Bioscience; anti-CD4 APC/Cy7 (clone 
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OKT4; 2.5 µL; cat. # 317418) from Biolegend; To detect intracellular expression of cytokines, 

mononuclear cells were fixed and permeabilized with a Cytofix/Cytoperm kit (BD Biosciences) 

and stained as follows: anti-IL-21 BV421 (clone 3A3-N2.1; 5 µL; cat# 564755) from BD 

Bioscience; anti-IL-2 BV650 (clone MQ1-17H12; 5 µL; cat# 500334) and anti-IFNγ PE/Dazzle 594 

(clone B27; 5 µL; cat# 506530) both from Biolegend; anti-IL-17a Alexa Fluor 488 (clone 

eBio64DEC17; 5 µL; cat# 53-7179-42), anti-IL-22 APC (clone IL22JOP; 5 µL; cat# 17-7222-82), 

and anti-TNFα PE-Cyanine7 (clone Mab11; 0.5 µL; cat# 25-7349-82) all from Thermo Fisher 

Scientific; and anti-IL-4 PE (clone 7A3-3; 5 µL; cat# 130-091-647) from Miltenyl Biotech. Panel 2: 

anti-IL-2 Alexa Fluor 488 (clone MQ1-17H12; 3 µL; cat# 500314), anti-CD8a PerCP Cy5.5 (clone 

RPA-T8; 3 µL; cat# 301032), anti-CD4 BV421 (clone OKT4; 2.5 µL; cat# 317434), and anti-IFNγ 

Alexa 647 (clone 4S.B3; 3 µL; cat# 502516) from Biolegend; anti-CD3 BV605 (clone SP34-2; 2 

µL; cat# 562994) from BD Biosciences; anti-IL-4 PE (clone 7A3-3; 5 µL; cat# 130-091-647) from 

Miltenyl Biotech; anti-IL-17a PE-efluor 610 (clone eBio64DEC17; 3 µL; cat# 61-7179-42), anti-

TNFα PE-Cyanine7 (clone Mab11; 0.5 µL; cat# 25-7349-82), and Live Dead APC-Cy7 (1:1000; 

cat# 65086514) from Thermo Fisher Scientific. The frequency of SARS-CoV-2 specific CD4+ and 

CD8+ T-cells producing single or multiple cytokines was determined after background subtraction. 

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 software and analyzed with FlowJo (version 10.7; Becton, Dickinson, and Company). 

 

 

Isolation of Non-human Primate Neutrophils 

Neutrophils were obtained from peripheral blood of SARS-Cov-2 infected Rhesus Macaques 5 

days pre-infection and at days 4, 7, and 10 post-infection.  Peripheral blood (0.5-1 ml) was 



 112 

collected using a citrate containing Vacutainer and the upper serum layer was removed. The red 

blood cell layer was lysed with 2 mL of Red Blood Cell Lysis Buffer (Cat# 11814389001, Roche) 

in a 15 mL tube. The tube was gently inverted for 10 minutes at room temperature and centrifuged 

at 500 x g for 7 minutes at room temperature. This step was repeated gently inverting for 5 

minutes. Following centrifugation, the cell pellet was re-suspended in a final volume of 2 mL of 1x 

PBS/EDTA buffer gently. Cells were centrifuged at 500 x g for 7 mins a room temperature and 

the leukocyte pellet was re-suspended in 1 mL 1x PBS/EDTA buffer and carefully overlaid onto 3 

mL of 65% Percoll/EDTA solution. The Percoll cell gradient was centrifuged at 400 x g for 20 mins 

at room temperature with the brake turned off.  The neutrophil cell layer was collected, re-

suspended/washed with 5 mL of 1x PBS/EDTA buffer and centrifuged at 500 x g for 10 minutes 

at room temperature. The neutrophil cellular pellet was re-suspended in RPMI 1640 media. 

Purification of the cell fragment was confirmed using flow cytometry and Wright Giemsa staining.  

 

 

Quantification of extracellular DNA using SYTOX green Assay 

Abundance of extracellular DNA, a surrogate of NETs, was quantified using the SYTOX green 

assay.  Freshly, isolated non-human primate neutrophils were plated onto a 96-well plate at a 

density of 105 cells per well in 100 μL RPMI 1640 media then stimulated with 50 μg/mL LPS to 

induce NET formation. SYTOX green dye (5 μM, #S7020; Invitrogen, Carlsbad, CA) was added 

to each well and the fluorescence intensity was read with a filter setting at 485-nm excitation/525-

nm emission using a Synergy H1 Microplate Reader and Gene5 software (Biotek, Winooski, VT). 

A fluorescence reading was collected every 15 mins for a total of 2 hours at 37°C. Images of the 

fluorescent cells were immediately taken using a fluorescent microscope (Olympus). 
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Staining of citH3 

Paraffin-embedded lung sections were subjected to deparaffinization followed by heat induced 

antigen retrieval in 10 mM sodium citrate buffer (pH 6.0). Sections were blocked with 10% goat 

serum in 1x PBS for 1 hour. Primary antibody staining was performed for citrullinated H3 (Cayman 

Chemical, Cat. No.  17939, 1:50) overnight at 4°C.  Slides were then incubated with Alexa Fluor 

633 anti-mouse IgG secondary antibody (Thermo Fisher Scientific, Cat. No. A21052, 1:1000) for 

90 mins at room temperature. Images were taken at 20x objective using a Zeiss LSM 800 Airyscan 

laser scanning confocal microscope. 

 

Quantification of citrullinated H3 

We quantified citrullinated histone 3 using an ELISA kit (Cayman Cat # 501620) with the antibody 

clone 11D3 per the manufacturer’s instructions. In short, 100 uL sample or standard was added 

in duplicate to a pre-coated 96-well plate and incubated for 2 hrs on an orbital shaker. All steps 

were performed at room temperature. After 4 washes with the kit’s wash buffer, 100 uL per well 

horseradish peroxidase (HRP) conjugate working solution was added and the plate incubated for 

1 hour on an orbital shaker. Then the plate was washed 4 times again and 100uL 3,3′,5,5′-

Tetramethylbenzidine (TMB) solution was added per well then incubated for 30 minutes on an 

orbital shaker, followed by addition of 100 uL HRP stop solution. The plate was read at 450 nm 

absorbance using a microplate reader and the amount of citrullinated H3 quantified using the 

standards. 

 

QUANTIFICATION AND 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; ****, 



 114 

p<0.0001. Due to the low number of animals included in our study, p values ≤0.1 have been 

indicated in the graphs. Analyses, unless otherwise noted, were performed with Prism version 8 

(GraphPad).  
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Chapter Three Figures  

 

Figure 3.1 Baricitinib is detectable in plasma and tissues from SARS-CoV-2-infected RMs 
but has no impact on viral kinetics.  (A) Study design; 8 RMs were infected intranasally and 
intratracheally with SARS-CoV-2, and at 2 days after infection, 4 RMs began daily baricitinib 
administration (4 mg). Longitudinal collections performed are indicated in circles. (B and C) 
Concentration of baricitinib 24 h after dosing in plasma (6 days after infection closed symbol; 8 
days after infection open symbol) (B) and at necropsy in upper and lower lungs of baricitinib-
treated SARS-CoV-2-infected RMs (C). (D and E) Daily cage-side assessment and physical 
examination scores (D) and changes in body weight from baseline (E) in baricitinib-treated (blue 
symbols; n = 4) and untreated (red symbols; n = 4) SARS-CoV-2-infected RMs. (F) Longitudinal 
pulse oximetry readings. (G–J) After SARS-CoV-2 inoculation, nasal, throat, bronchoalveolar 
lavages (BALs), and rectal swabs were collected, and viral loads were quantified by qRT-PCR. 
(K) Viral loads in tissues measured at necropsy (10–11 days after infection). Abbreviation is as 
follows: Ct, cycle threshold. Different symbols represent individual RMs. Thick lines represent the 
average of the baricitinib-treated (blue lines) and untreated (red lines) groups. Bars in (B), (C), 
and (K) represent the average of the treated and untreated groups. Statistical analysis was 
performed using a non-parametric Mann-Whitney test. See also Figures 3.S1 and 3.S2A and 
Tables 3.S1, 3.S2, and 3.S3.  
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Figure 3.2. Reduced respiratory disease and lower levels of lung pathology in baricitinib-
treated RMs. (A) Representative ventrodorsal radiograph of an untreated RM before SARS-CoV-
2 infection (5 days before infection), and at 4, and 7 days after infection. Red squares indicate 
regions of pulmonary infiltrates and opacity. (B and C) Daily (B) and cumulative (C) radiograph 
scores; ventrodorsal and lateral radiographs were scored for the presence of pulmonary infiltration 
by a clinical radiologist according to a standard scoring system (0: normal; 1: mild interstitial 
pulmonary infiltrates; 2: moderate pulmonary infiltrates with partial cardiac border effacement and 
small areas of pulmonary consolidation; 3: severe interstitial infiltrates, large areas of pulmonary 
consolidation, alveolar patterns, and air bronchograms). (D and E) Fold change to 2 days after 
infection for ferritin (D) and C-reactive protein (CRP) levels (E). (F and G) Panel (F) shows 100x 
magnification, and (G) shows 200x magnification (zoomed in from F), representative lung lesions 
in an untreated SARS-Cov-2- infected RM with focally extensive interstitial pneumonia, type 2 
pneumocytes hyperplasia, alveolar septal thickening, syncytia formation (arrow), neutrophils, and 
macrophages infiltrations (arrowhead). (H) 200x magnification, Thyroid Transcription Factor-1 
(TTF-1) staining with prominent type 2 pneumocyte hyperplasia (brown) in a control SARS-CoV-
2-in- fected RM. (I and J) Panel (I) shows 100x magnification, and (J) shows 200x magnification 
(zoomed in from I), treatment effects of baricitinib in SARS-CoV-2-infected RMs with a reduction 
in pulmonary lesions, lesser inflammatory infiltrates (arrowhead), and reduced type 2 pneumocyte 
hyperplasia. (K) 200x magnification, TTF-1 staining with lesser type 2 pneumocyte hyperplasia 
(brown) after baricitinib treatment. (L) Average pathology score per lobe. (M) Total pathology 
score. (N) Pathology scores for individual parameters. Scale bar, (F) and (I): 100 mM; (G), (H), 
(J), and (K): 50 mM. Bars in (D), (E), (L), (M), and (N) indicate mean values for baricitinib-treated 
(blue) and untreated (red) SARS-CoV-2-infected RMs. Each symbol represents individual 
animals. Statistical analysis in (D), (E), and (L)–(N) were performed using non-parametric Mann- 
Whitney test. Statistical analyses were performed two-sided with p % 0.05 deemed significant. 
Ranges of significance were graphically annotated as follows: *p < 0.05. See also Figures 3.S2B–
3.S2I.  
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Figure 3.3. Baricitinib treatment suppresses gene expression of inflammation and 
neutrophil degranulation in the BALs of SARS-CoV-2-infected RMs. Bulk RNA-seq profiles 
of BAL cell suspensions from RMs obtained at day 5 prior to SARS-CoV-2 inoculation (baseline), 
at 2 days after infection, prior to baricitinib treatment, and at 4 days after infection, 2 days after 
initiation of baricitinib.  (A) Venn diagrams indicating the number of differential expression genes 
(DEGs) detected at 2 or 4 days after infection relative to 5 days after infection in the untreated 
(red) and baricitinib-treated (blue) groups. The total DEGs for each comparison are shown in 
parentheses. (B) Bar plots showing enrichment of top scoring inflammatory and immunological 
gene signatures from the MSIGDB (Hallmark and Canonical Pathways) and databases, and 
custom gene sets (interferon-stimulated genes [ISGs]; see below) ranked by GSEA comparisons 
of gene expression in the 4 days after infection versus 2 days after infection samples from the 
untreated (red bars) and baricitinib-treated (blue bars) groups. The x axis depicts the normalized 
enrichment score (NES); a positive enrichment score indicated higher expression at 4 days after 
infection relative to 2 days after infection (bars facing right); conversely, negative scores of a 
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pathway indicate cumulatively higher expression in 2 days after infection samples relative to 4 
days after infection (bars facing left). Nominal p values are indicated. (C–F) GSEA enrichment 
plots depicting pairwise comparison of gene expression of 2 days after infection versus 4 days 
after infection samples for the untreated group and for the baricitinib-treated group. The top-
scoring (i.e., leading edge) genes are indicated by solid dots. The hash plot under GSEA curves 
indicates individual genes and their rank in the dataset. Left-leaning curves (i.e., positive 
enrichment scores) indicate higher expression of pathways at 4 days after infection; right-leaning 
curves (negative enrichment scores) indicate higher expression at 2 days after infection. 
Sigmoidal curves indicate equivalent expression between the groups being compared. The NES 
and nominal p values testing the significance of each comparison are indicated. (C) REACTOME_ 
NEU- TROPHIL_DEGRANULATION (MSIDB #M27620). (D) GSEA line plot of 
HALLMARK_TNFA_SIGNALING_VIA_NFKB pathway (MSIGDB #M5890). (E) GSEA line plot of 
HALLMARK_IL6_JAK_STAT3_SIGNALING (MSIGDB #M5897). (F) A custom gene set of ISGs 
from prior NHP studies (79, 81, 82). (G–J) Heatmaps of top-scoring (i.e., leading edge) from the 
untreated 4 days after infection versus 2 days after infection GSEA analyses. The color scale 
indicates the log2 expression relative to the median of all baseline samples. See also Figure 3.S3.  
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Figure 3.4. Baricitinib treatment abolishes inflammatory cytokine and neutrophil 
chemoattractant expression in bronchoalveolar macrophages. Single-cell suspensions from 
BALs of SARS-CoV-2-infected RMs were subject to 10x Genomics capture and sequencing. (A) 
UMAP showing major cell types in BAL samples (n = 10 samples; untreated, baseline n = 3; 
untreated, 4 days after infection n = 3; treated, baseline n = 2; treated, 4 days after infection n=2), 
(B) UMAP showing clusters in BAL samples by treatment days (n = 10). (C) UMAP projection of 
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pro-inflammatory cytokines in macrophages. (D) UMAP projection of neutrophil chemoattractant 
and pro-inflammatory chemokines. (E and F) Expression of chemokines and interferon-stimulated 
genes (ISGs) in treated and untreated samples at baseline and 4 days after infection. The colored 
expression scale of expression in UMAPs is depicted on a per gene basis: the scale represents 
the per cell reads for each gene divided by the total reads for of that cell, scaled to the factor 
shown and natural log-transformed. See also Figures 3.S4 and 3.S5.  
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Figure 3.5. Baricitinib-treated RMs have decreased infiltration of innate immune cells and 
lowered neutrophil NETosis. (A) UMAP analysis of BALs in baricitinib-treated (n = 4) and 
untreated (n = 4) SARS-CoV-2-infected RMs before infection (D 5 PI; baseline), and at 4 and 10 
days after infection. (B) Longitudinal levels of neutrophils within BAL samples depicted as a 
percentage of CD45+ cells. (C) Fold change to 2 days after infection of neutrophils in blood of 
baricitinib-treated and untreated SARS-CoV-2-infected RMs. (D) Longitudinal levels of 
CD14+CD16- monocytes within BAL samples depicted as a percentage of CD45+ cells. (E) 
Representative microscopy images of NETS by Sytox green assay in baricitinib-treated and 
untreated SARS-CoV-2-infected RMs. Scale bar, 200 mm. (F) Quantification of NETosis activity 
upon staining extracellular DNA with Sytox in isolated stimulated neutrophils from blood. Fold 
change of Sytox levels to 5 days after infection. (G) Quantification of citrullinated H3 in plasma. 
(H) Staining of citrullinated H3 in lungs at 10–11 days after infection. In (B)–(D), (F), and (G), each 
symbol represents individual animals. Thick lines represent the average of the baricitinib-treated 
(blue line) and untreated groups (red line). Bars in (C) and (F) represent the average of the treated 
and untreated groups. Statistical analysis in (B), (C), (F), and (G) was performed using a non-
parametric Mann-Whitney test. Statistical analyses were performed two-sided with p % 0.05 
deemed significant. Ranges of significance were graphically annotated as follows: *p < 0.05. See 
also Figures 3.S6A and 3.S6B.  
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Figure 3.6. Decreased levels of T cell proliferation and activation in baricitinib-treated RMs.  
(A and B) Longitudinal levels of (A) circulating CD4+ T cells and (B) CD4+ TReg (CD45+CD3+CD4+ 
CD95+ CD127- CD25+ FoxP3+; representative staining in Figure 3.S6C) cells measured by flow 
cytometry of baricitinib-treated (blue) and untreated (red) SARS-CoV-2-infected RMs. (C) Fold 
changes to 2 days after infection of circulating CD4+ TReg cells. (D and E) Levels of circulating 
CD8+ T cells (D) and proliferating (Ki-67+) memory CD8+ T cells (E). (F and G) Levels of CD4+ T 
cells (F) and HLA-DR-CD38+ memory CD4+ T cells (G) in bronchoalveolar lavages (BALs) 
measured by flow cytometry. (H–J) Levels of CD8+ T cells (H), proliferating (Ki-67+) memory CD8+ 
T cells (I), and HLA-DR-CD38+ memory CD8+ T cells (J) in BALs. Each symbol represents 
individual animals. Thick lines represent the average of the baricitinib-treated (blue line) and 
untreated groups (red line). (K–M) Representative staining of Ki-67 and CD38 by HLA-DR. Bars 
in (C) represent the average of the treated and untreated groups. Statistical analysis in (C), (E), 
and (G) was performed using non-parametric Mann-Whitney test. Statistical analyses were 
performed two-sided with p ≤ 0.05 deemed significant. Ranges of significance were graphically 
annotated as follows: *p < 0.05. See also Figures 3.S6C and 3.S7.  
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Figure 3.7. Effect of baricitinib treatment on the lower airway of SARS-CoV-2-infected RMs.  
(A) SARS-Cov-2 infection in RMs results in an accumulation of inflammatory macrophages and 
neutrophils in the lower airway. These airway macrophages produce high amounts of 
inflammatory cytokines and neutrophil-attracting chemokines and show upregulated type I 
interferon signaling. Neutrophil NETs and the inflammation induced by SARS-CoV-2 infection 
both contribute to lung pathology. (B) Baricitinib treatment reduced the levels of macrophages 
producing inflammatory cytokines and neutrophil-attracting chemokines, decreased the infiltration 
of neutrophils into the lung, and reduced T cell activation. The Netosis activity of neutrophils was 
also reduced. In treated animals, the antiviral interferon response was maintained, viral replication 
was not impacted, and lung pathology was mild.  
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Figure 3.S1. Baricitinib was well-tolerated and detectable in the central nervous system in 
SARS-CoV-2-infected RMs, related to Figure 3.1 (A) Left, concentration of baricitinib 2 hours 
after dosing in brain and CSF and, right, 24 hours after dosing in CSF. (B–D) Longitudinal 
frequency of (B) monocytes, (C) neutrophils, and (D) lymphocytes in blood of SARS-CoV-2 
infected RMs. (E–H) In (E), red blood cell counts (RBC), (F) hematocrit (HCT), (G) hemoglobin 
(HGB) and (H) alkaline phosphatase (ALP) levels were analyzed throughout the study. (I) 
Longitudinal rectal temperatures. Different symbols represent individual animals. Bold lines 
represent the average of the baricitinib treated group (blue), and the untreated group (red).  
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Figure 3.S2. Baricitinib reduced lung neutrophil and macrophage infiltration, preserved 
IFN responses but did not reduce SARS-CoV-2 replication in RMs, related to Figures 3.1 
and 3.2. (A–I) In (A), representative images of in situ RNA hybridization (RNAscope) targeting 
viral RNA strands identifying clusters of infected cells within the lung pa- renchyma in both treated 
and untreated SARS-CoV-2 infected RMs. Scale bars: 100 um. Representative 
immunohistochemistry (IHC) images of (B) neutrophils (myeloperoxidase+, MPO, cells) (D) 
macrophages (ionized calcium-binding adaptor molecule 1+, Iba 1, cells), (F) proliferating (Ki-67), 
and (H) Interferon-induced GTP-binding protein+ (Mx1), cells in lungs of baricitinib treated and 
untreated SARS-CoV-2 infected RMs, and uninfected RMs. Scale bars 500 mm. Quantification of 
(C) neutrophils (MPO+ positive cells/mm2), (E) macrophages (lba-1+ cells/mm2), (G) proliferating 
(Ki-67+), and (I) Interferon-induced protein Mx1 (% area total lung Mx1+) in IHC lung images of 
baricitinib treated, and untreated controls of SARS-CoV-2 infected RMs, and uninfected RMs.  
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Figure 3.S3. Baricitinib Suppressed the expression of inflammatory mediators and 
neutrophil degranulation genes in BALs from SARS-CoV-2-infected RMs, related to Figure 
3.3. Cross-sectional GSEA analysis comparing 4 days after infection untreated versus 4 days 
after infection baricitinib treated, or 2 days after infection untreated versus 2 days after infection 
baricitinib treated in bulk BAL from SARS-CoV-2 infected RMs.  (A–C) GSEA comparisons of 4 
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days after infection untreated versus 4 days after infection baricitinib treated are shown as black 
symbols, and comparisons of or 2 days after infection untreated versus 2 days after infection 
baricitinib treated are shown as gray symbols. (A) GSEA enrichment plots for the GSEA line plot 
of HALLMARK_IL6_JAK_STAT3_SIGNALING pathway (MSIGDB #M5897). (B) GSEA line plot 
of HALLMARK_TNFA_SIGNALING_VIA_NFKB pathway (MSIGDB #M5890). (C) GSEA line plot 
of REACTOME NEUTROPHIL DEGRANULATION gene set (REACTOME #M27620).  (D) 
Heatmap of leading edge genes for REACTOME NEUTROPHIL DEGRANULATION gene set 
based on untreated 4 days after infection versus baseline contrast. The log2 expression and the 
reference is the median of all baseline samples as indicated at right. The top 35 genes are shown 
in order of GSEA analysis of the cross-sectional 4 days after infection comparison. (E and F) 
GSEA analysis for KEGG Rheumatoid Arthritis gene set (E) GSEA contrasting 4 days after 
infection versus 2 days after infection for untreated and treated arms. GSEA curves are colored 
by experimental arm. 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 at 4 days after infection, right-leaning curves (negative 
enrichment scores) indicate higher enrichment at 2 days after infection, and 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. (F) GSEA comparisons of 4 days after infection untreated versus 4 
days after infection baricitinib treated samples (black symbols); comparisons of 2 days after 
infection untreated versus 2 days after infection baricitinib treated samples (gray symbols). (G) 
plot showing log10 average normalized counts obtained from DESeq2 for leading edge genes at 
2 days after infection in untreated and treated samples, and (H) at 4 days after infection.  
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Figure 3.S4. Baricitinib inhibited the expression of inflammatory and 
macrophage/neutrophil chemokine genes while preserving ISGs in lung macrophages 
from SARS-CoV-2-infected RMs, related to Figure 3.4. (A) Expression as UMAP projection of 
interferon stimulated genes (ISGs) in macrophages for treated and untreated samples at baseline 
and 4 days after infection. (B) Heatmap showing average expression of genes of interest in 
macrophages for treated and untreated samples at baseline and 4 days after infection. (C–E) Dot 
plots representing gene expression levels and percentage of cells expressing genes associated 
with inflammation, chemokine response and interferon stimulation  
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Figure 3.S5. Baricitinib reduced the expression of inflammatory and chemokine genes 
while maintaining ISGs in BALs from SARS-CoV-2- infected RMs, related to Figure 3.4. (A–
C) Expression as UMAP projection of inflammation, chemokine and interferon stimulated genes 
(ISGs) across major cell types in BAL for treated and untreated samples at baseline and 4 days 
after infection.  
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Figure 3.S6. Flow cytometry gating strategy for innate and adaptive cells, related to Figures 
3.5 and 3.6. Representative gating strategy of (A) neutrophils, (B) neutrophil infiltration in BAL at 
baseline, and 4 and 10 days after infection, and (C) T cell populations analyzed in the study.  
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Figure 3.S7. Baricitinib treatment did not affect the immune T cell responses in SARS-CoV-
2-infected RMs, related to Figure 3.6. (A–C) Frequency of circulating CD4+ T cells 
spontaneously (without stimulation) producing pro-inflammatory Th17 related cytokines (A) IL-
17+, (B) IL-17+IL-21+, (C) IL-17+IL- 22+ at necropsy (days 10–11 after infection) in baricitinib 
(blue) and untreated (red) SARS-CoV-2 infected RMs. (D) Representative flow cytometry staining 
of IFNg, TNFa, IL-2, IL-4 and IL-17a in CD4+ and CD8+ T cells of a SARS-CoV-2 infected RM 
following stimulation with SARS-CoV-2 S peptide pool. IFNg, Unstimulated background values 
were subtracted from S peptide stimulated values to determine T cell cytokine. (E and F) IFNg, 
TNFa, IL-2, IL-4 and IL-17a frequency levels in (E) CD4+ and (F) CD8+T cells following 
stimulation with SARS-CoV-2 S peptide pool. (G–L) IFNg, TNFa, IL-2, IL-4 and IL-17a frequency 
levels in (G) CD4+ and (H) CD8+T cells following stimulation with PMA/Ionomycin. Values from 
unstimulated controls were subtracted in all cases. Granzyme B and PD-1 levels in (I and J) blood 
and (K and L) BAL memory CD8+T cells measured by flow cytometry. Each symbol represents 
individual animals. Thick lines represent the average of the baricitinib treated (blue line), and 
untreated groups (red line). Bars represent the average of the treated and untreated groups. 
Statistical analysis was performed using a non-parametric Mann-Whitney Test.  
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Table 3.S1. Macaque characteristics and treatment group, Related to Figure 3.1. Animal ID 

in manuscript and assignment. Age in months and weight at time of infection. Treatment group 

assignment. The four uninfected control animals were historical samples that were only used for 

IHC staining in Figure 3.S2. Annotated symbol in figures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Animal ID Animal Name Sex Age (months) 
at Infection 

Weight (kgs) 
at Infection Treatment  Annotated 

Symbol 
RM1 RAt11 M 166 10.98 Baricitinib   
RM2 RLf10 M 201 12.96 Baricitinib 

 

RM3 RVf12 F 155 9.63 Baricitinib   
RM4 7_141 F 155 9.51 Baricitinib 

 

RM5 06_112 F 167 8.71 Untreated   
RM6 RQv9 M 204 14.86 Untreated 

 

RM7 5_215 F 176 8.44 Untreated   
RM8 RHz12 M 141 11.77 Untreated 

 

  P378 F 36-60 8.71 Uninfected    
 P377 F 36-60 14.86 Uninfected  

 

  P376 F 36-60 8.44 Uninfected    
 P375 M 36-60 11.77 Uninfected  
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Table 3.S2, Cage-side assessment scoring sheet, Related to Figure 3.1. The table was 

modified from a previous NHP influenza A virus study to include cage-side assessments relevant 

to COVID-19 and respiratory rates for cynomolgus macaques. The highest sum of scores for an 

animal determined the severity of disease. Disease severity was classified as no illness (0-4), 

mild (5-9), moderate (10-15), severe (>16). BPM = breaths per minute. 

 

Cage-Side Assessment 

Parameter Description Score  

 

 

 

Responsiveness 

and recumbency  

Normal - bright, alert, responsive 0  

Mild - slightly depressed, acts disinterested when personnel in room, 

lying down in cage but gets up when approached 

2  

Moderate/obtunded - non-responsive, very disinterested in personnel, 

hunched or lying down, will get up when prodded, pinched, or similarly 

stimulated 

4  

Severe/comatose - lying down completely unresponsive to stimuli  6  

 

Discharges 

Nasal or ocular 2  

Nasal and ocular 4  

Skin Rash 1  
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Respiration, 

dyspnea, and cough 

Normal - no apparent changes in breathing, 30-54 BPM, and no cough  0  

Mild - slightly increased effort breathing, 55-65 BPM, or mild cough 2  

Moderate - obvious difficulty breathing, 66-80 BPM, or apparent cough 4  

Severe - respirations labored, open mouth breathing, abdominal 

breathing, >80 BPM, cyanosis, or haemoptysis 

6  

 

 

Food consumption 

100% of chow and enrichment food consumed 0  

10-25% of chow remaining 1  

25-50% of chow remaining, possibly some enrichment food remaining 2  

>50% of chow remaining, some or all enrichment food remaining 3  

 

 

Fecal consistency 

Normal  0  

Soft  1  

Fluid  2  

Fluid and profuse amount 3  

Total  

Notes (any observed sneezing, vomit, conjunctival erythema, or other abnormalities) 
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Table 3.S3. Physical examination under anesthesia scoring criteria, Related to Figure 3.1. 

Physical examinations were performed whenever an animal was anesthetized. The highest sum 

of scores for an animal determined the severity of disease. Disease severity was classified as no 

illness (0-2), mild (3-7), moderate (8-13), severe (>13). BPM = breaths per minute. 

 

Physical Examination Under Anesthesia 

Parameter Description Score  

 

Rectal temperature 

(taken immediately 

after sedation) 

 

Normal (37.0-38.9C) 0  

Low grade fever (39-39.5C) 2  

Fever (>39.5C) 4  

 

 

Heart rate and 

blood pressure 

Normal (*** BPM, ***/***) 0  

Mild tachycardia (*** BPM), normotensive  1  

Moderate tachycardia  (*** BPM), normotensive  2  

Severe tachycardia (*** BPM), hypotensive (***/***) 3  

 

 

Normal - 30-54 BPM  0  

Mild tachypnea- 55-65 BPM 2  
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Respiratory rate 

Moderate tachypnea - 66-80 BPM 4  

Severe tachypnea - >80 BPM 6  

 

 

 

SpO2 

Normal (95-100%) 0  

Mildly decreased (90-94%) 1  

Moderately decreased (87-89) 2  

Severely decreased (<87) 3  

 

 

 

Body weight 

Normal (0-3% loss) 0  

Mild (4-9% loss) 1  

Moderate (10-16% loss) 2  

Severe (>16% loss) 3  

 

 

 

Dehydration 

Normal skin turgor, moist mucous membranes 0  

Skin tenting or dry mucous membranes 1  

Skin tenting and dry mucous membranes 2  

Skin tenting, dry mucous membranes, and sunken eyes 3  

Total  
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Notes (auscultation findings if applicable, conjunctival erythema, palpable masses, or any other abnormalities) 
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Chapter Four: TREM2+ and interstitial macrophages orchestrate airway inflammation in 

SARS-CoV-2 infection in rhesus macaques 
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One sentence summary: Multi-omic analyses of hyperacute SARS-CoV-2 infection in rhesus 

macaques identified two population of infiltrating macrophages, as the primary orchestrators of 

inflammation in the lower airway that can be successfully treated with baricitinib
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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 2019 (320, 323). As of 

late 2021, there have been over 200,000,000 documented infections, and over 4,500,000 fatalities 

attributed to sequelae of COVID-19. The rapid development and availability of effective vaccines 

(461, 462, 560) 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) responses (561), (ii) vascular complications arising from 

hypercoagulability syndromes (562), and (iii) perturbations of the granulocyte and myeloid 

compartments in the lower airway and blood manifesting in inflammatory cytokine production (534, 
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537). 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 TNFa) in plasma 

and bronchoalveolar lavage (BAL) fluid in what is commonly referred to as a “cytokine storm” (563), 

and an expansion of macrophages, neutrophils and lymphocytes in the lower airway (537). 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 

studies (564). NHPs support high levels of viral replication in the upper and lower airway (328, 520, 521), 

share tissue distribution of ACE2 and TMPRSS2 with humans (333), and have been invaluable pre-

clinical models of vaccines (565-567) and therapeutics (329, 450). Additionally, mild to moderate COVID-

19 has been shown to be recapitulated in SARS-CoV-2-infected NHPs (564) that typically resolve 

by 10-15 days post infection (dpi) (329, 564, 568). 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 infection (329, 569), (ii) 

elevated pro-inflammatory cytokines consistent with the “cytokine storm” seen in humans are 

detectable in plasma and BAL (570), (iii) vascular pathology and gene expression consistent with 

hypercoagulability are evident in the lower airways (569), and (iv) increased production of 

inflammatory cytokines by myeloid origin cells (329, 571).  

 

In the current study, we used SARS-CoV-2 infected rhesus macaque (RM) 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 (sc-RNA-Seq). To 
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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 population. With this approach, we 

identified the main subsets of pro-inflammatory macrophages that expand after SARS-CoV2 

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 patients (453), 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.  
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Results 

 

Study Overview 

An overview of the study design is shown in Fig. 4.1a. 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-WA1/202). These animals were previously 

reported in a study evaluating the therapeutic efficacy of baricitinib in SARS-CoV-2 infection (329).  

At 2dpi, four of the eight animals started receiving baricitinib (329). 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. 4.1b). The peak of viremia in the nasal passage, throat and BAL was 

at 2-4dpi (Fig. 4.1b). 
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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. 4.1c-e, Fig. 4.S1), and over the full course 

of infection (Fig. 4.S2). In blood, we did not observe a significant increase in the proportion of 

classical monocytes (CD14+CD16-) at 2dpi (Fig. 4.1c) nor at extended time-points (Fig. 4.S2a).  

Similar to reports in humans (534), we observed a rapid, but transient, increase in blood CD14-

CD16+ and CD14+CD16+ monocytes (Fig. 4.1c, Fig. 4.S2c). 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. 4.1c, Fig. 4.S2c).  

 

We observed a significantly elevated level of pDCs in blood at 2dpi and similarly, a trend of 

elevated pDCs in BAL samples (Fig. 4.1d, Fig. 4.S2c). 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. 4.S2b), the fraction of Granzyme B+ NK cells increased 

significantly at 2dpi in blood, from 4% to 25% (Fig. 4.1e) and remained elevated throughout the 

course of infection (Fig. 4.S2). Similarly, increases in NK cell activation were also observed in the 

BAL, rising from 12% to 33% at 2dpi (Fig. 4.1e), and persisting at this level until the study 

termination at 10/11dpi (Fig. 4.S2b). Collectively, these data indicate that during the hyperacute 

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. 
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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. 4.2a). 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. 4.2b, Fig. 

4.S3a). The ISG response, although widespread, had largely returned to baseline by 10/11dpi 

(Fig 4.2b, Fig. 4.S3a). We also detected a trend of elevated IFNa2 protein in 4/6 and 5/8 animals 

in BAL and plasma, respectively (Fig. 4.2c,d) and a significant increase in RNA-Seq read counts 

mapping to IFNA genes at 2dpi in BAL (Fig. 4.2e), which coincided with the expansion of pDCs 

in the airway and blood (Fig. 4.1d). A significant enrichment of genes representing NK cell 

cytotoxicity (Fig. 4.2a) was observed at 2dpi in BAL, consistent with our observation of elevated 

Granzyme B+ NK cells by flow cytometry (Fig. 4.1e). 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. 

 

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. 4.2a, Supplementary Files 4.1&4.2). For many of these pathways, we were able to 

quantify significant increases in the upstream regulator at either the protein, or mRNA level, or 
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both: IL6 protein levels were significantly increased in the BAL fluid (BALF) (Fig. 4.2c), as were 

RNA transcripts in BAL (Fig. 4.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. 4.2c, Fig. 4.S3b). The appearance of inflammatory pathways in the blood and airway have 

been reported in a multitude of human studies (reviewed in (572)). 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. 4.2a). 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 SingleR (555)) 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. 4.2f). Collectively, these bulk RNA-Seq data indicate a rapid 

and significant 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 infection (329). While our prior sc-RNA-seq analyses determined the majority of cells in the 

BAL after infection to be of monocyte/macrophage origin, with relatively few neutrophils or 
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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 sc-RNA-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 inflammation (573-576). However, analysis of sc-RNA-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. 4.S4). 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 

sc-RNA-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) (577) through Seurat pipeline (578) 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 

4.S4 a-d). We used Seurat to map BAL macrophages/monocytes from SARS-CoV2 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 RMs, according to the phenotype 

defined by Cai et al (579), based on expression of CD206/MRC1 and CD163, to annotate cells 

using SingleR (555) Fig. 4.S4e). 2069 genes were found to be differentially expressed between IMs 
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and AMs (FDR< 0.05, fold-change>2) (Fig. 4.S4f). Of note, CX3CR1 was highly expressed in the 

IMs, consistent with both murine and human definitions of this subset (Fig. 4.S4g). APOBEC3A, 

an RNA-editing cytidine deaminase, was also highly expressed 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 TNFa (Fig. 4.S4g). 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 remaining as IM 

(Fig 4.S4h). Thus, benchmarking our lung sc-RNA-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. Using our lung/sc-RNA-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. 4.3a,b). 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 4.3c). We also observed a similar increase in APOBEC3A and decreases in 

MARCO and CHIT1 expression in bulk BAL samples (Fig 4.3d). The percentage of 

CD163+MRC1+ macrophages reduced overall from 70% to 29% of all macrophages/monocytes 

in BAL (Fig 4.3e). Similarly, we saw an overall increase in the percentage of 

CD163+MRC1+TREM2+ macrophages from 5% to 21% and the IM-like CD163+MRC1- 

macrophages from 0.1% to 4%. Thus, COVID-19 infection resulted in an influx of monocyte-
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derived and IM-like macrophages in BAL at 4dpi. We also found that these infiltrating 

macrophages expressed higher levels of several pro-inflammatory cytokines and chemokines 

compared to the CD163+MRC1+ AM-like macrophages (Fig 4.3f-h, Supplementary File 4.4). 

To further validate our cell classification and support the observation that it is the infiltrating cells 

that increase in numbers and predominantly producing 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 4.S5b, 

d). The non-AM population was also found to show higher expression of pro-inflammatory 

cytokines (Fig 4.S5e, Supplementary File 4.4).  

 

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 ADAMDEC1 (580) and S100A8 (581) that are associated with monocyte-

derived macrophages were among the most upregulated (Supplementary File 4.4). 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. Several chemokines (CCL4L1, CCL3, CXCL3, CCL2), 

multiple ISGs, NFKB1A, S100A8, and GZMB were among the most upregulated genes at 4dpi in 
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BAL populations (Supplementary File 4.4). Elevated expression of multiple inflammatory genes, 

including IL6, TNF, IL10, IFNB1 and IL1B, were observed in the CD163+MRC1+TREM2 Mac and 

CD163+MRC1- subsets (Fig. 4.3f, Fig. 4.S6) after infection. The infiltrating macrophages 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. 4.3g-h, Fig. 4.S6). 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. 4.3f-h, Fig. 4.S6). 

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. 4.3i). At 4dpi, we observed that the 

CD163+MRC1+TREM2+ macrophages accounted for 55% of IL6, 57% of TNF, 86% of IL10 and 

66% of IFNB1 expression while the CD163+MRC1- macrophages accounted for 20% of IL6, 21% 

of TNF, 6% of IL10 and 19% of IFNB1 expression. We also found that CD163+MRC1- 

macrophages expressed higher levels of several of these genes (Fig. 4.S6). Thus, infiltrating 

macrophages are responsible for the majority of lower airway inflammatory cytokine production 

during acute SARS-CoV-2 infection. 

 

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 granted emergency use authorization for the treatment of hospitalized COVID-19 

patients, and reported to reduce mortality when administered as monotherapy (542) or in 

combination with remdesivir (453). In our earlier study, we found that baricitinib was able to 

suppress the expression of pro-inflammatory cytokines in BAL of RMs infected with SARS-CoV-
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2 (329). Here, we extended this study to further characterize the impact of baricitinib on the myeloid 

populations in the airway from five RMs before infection (-5) and at 4dpi, 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 

4dpi (Fig. 4.4a-c).  This observation was consistent using classifications of macrophages either 

based on mapping to 10X lung reference or using bulk sorted AM/IM cells (Fig. 4.4a-c, Fig. 4.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. 4.4d-f, Fig. 4.S5e). In summary, 

these data further elucidate the mechanism of action by which baricitinib treatment abrogates 

airway inflammation in SARS-CoV-2 infection (329), by demonstrating its ability to block infiltration 

of discrete pro-inflammatory macrophage populations into the alveolar compartment. 

 

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, 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 for emergency use in the treatment of severe COVID-19, 

is to abrogate infiltration of these inflammatory cells into the airway. Our data present, to date, the 
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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+MRC+TREM2+ cells, were highly similar to murine definitions of 

infiltrating CCR2+ monocytes. The second, CD163+MRC-, 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 cytometry (568). 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 AGMs (570). Lastly, our data 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 mice (582). 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. (583), 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 (583). 

Those observations, taken together with our data, suggest that the inflammatory macrophage 
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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. 

 

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) (584). The majority of data to date has 

demonstrated an immunoregulatory, protective role for IMs in murine models of asthma, lung 

fibrosis, and allergen induced inflammation (573). 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 ligands (585). 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 CD11c (573-576). 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 
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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 epithelial cells have consistently resulted 

in a muted ISG response (430), 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 in (424, 425, 561, 586-591)). 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 studies (568, 569). 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 infection (532), 

and other have reported signatures of pDCs apoptosis that predicted lower IFN-I responses (592). 

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 IFN responses (329). 

Here, we extended these findings to demonstrate that baricitinib blocked the influx of inflammatory 

macrophages into the bronchoalveolar space. These data adds to our mechanistic understanding 
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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 2dpi, after the peak influx of pDCs, but before the likely appearance of 

the APOBEC3A+ inflammatory macrophages at 3-4dpi. 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. In 

regards to guiding future clinical application of baricitinib, our data suggest that timing is critical, 

and would favor earlier drug administration. 

 

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 disease (564). 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 above (583). Another drawback was the relatively low power of our study. While 

our observations at 0, 1, and 2dpi were n = 8, we were limited to n = 4 for day 4-10 observations. 

However, it should be noted that 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 identified a novel population 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 the emergency 

authorized JAK1/2 inhibitor baricitinib in combination with remdesivir, blocked infiltration of these 
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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. 

 

Materials and Methods 

 

Animal and SARS-CoV-2 infections 

The animal care facilities at YNPRC 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 female, 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 (see SI for 

details), as previously described (329) and were maintained in the ABSL3 at YNPRC. The 

processing of nasopharyngeal swabs, BAL and mononuclear cells was performed as described 

previously (329). 

 

Immunophenotyping and flow cytometric purification of RM pulmonary macrophages 

23-parameter flow cytometric analysis was perform on fresh PBMCs and BAL mononuclear cells 

from SARS-CoV-2 infected RMs as described previously (329). For purification of 
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CD163+CD206+ (AM), CD163+CD206- (IM) cells, cryopreserved single-cell lung suspensions from 

RMs were stained with BD CD163(GHI/61), CD206(19.2)(BD Biosciences), and purified using BD 

FACSAria in the Regional Biocontainment Laboratory at the University of Pittsburgh. 

 

Bulk and sc-RNA-Seq Library and sequencing  

The data for -5dpi, 2dpi and 4dpi for bulk BAL samples was obtained from our previous study (329). 

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. Libraries were prepared as described previously (329) and sequenced on an 

Illumina NovaSeq6000 at 100SR, yielding 20-25 million reads per sample. For sc-RNA-Seq, 

approximately 30,000 cells were loaded onto a 10X Chromium Controller in a BSL3 and single 

cells were partitioned into droplets using Chromium NextGEM Single Cell 50 Library & Gel Bead 

kits(10X Genomics, Pleasanton, CA). cDNA was amplified and libraries were prepared for 

sequencing according to manufacturer instructions. Gene expression libraries were sequenced 

as paired-end 26x91 reads targeting 50,000 reads per cell. 

 

scRNA-Seq and bulk RNA-Seq analysis 

The filtered count matrices for BAL were obtained from (329). The Seurat library v4.0.4 (578) was 

used to perform the analysis (see SI for details). 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 SingleR (555). 

The 10X lung scRNA-seq data from three uninfected macaque was obtained from a published 

study (NCBI GEO: GSE149758) (577). The SingleR library was used for cell classification with the 
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BluePrintEncodeData reference. Regularized log counts obtained from DESeq2 for bulk sorted 

IM and AM were used as reference to annotate the cells from BAL samples using SingleR with 

default parameters. Bulk RNA-Seq analysis was performed as previously described (329). 

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. 

  

Data and materials availability: 

 

Source data supporting this work are available from the corresponding author upon reasonable 

request.  

Code availability: 

The scripts used for analysis are available at https://github.com/BosingerLab/NHP_COVID-19_2. 

Viral Stocks 

The viral stocks used for infecting RM were previously described(329). SARS-CoV-2 (NR-52281: 

BEI Resources, Manassas, VA; USA-WA/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. SARS-

CoV-2 was propagated and titrated by TCID50 method followed by storage of aliquots at -80°C 

until further use. 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 

furin cleavage. 

Determination of viral load RNA 
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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, 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’(547) were used for quantitative PCR 

(qPCR). For sub-genomic RNA, the primer and probe sequences for E gene subgenomic mRNA 

transcript(593) 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. The limit of detection in this assay was 257 copies 

per mL of VTM/plasma/BAL. 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’, 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 
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(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.  

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), or Nuclisens lysis buffer (Biomerieux) for analyses of compound 

distribution, RNA-seq, and tissue viral quantification, respectively.  

Immunophenotyping 

The following mAbs were used for the phenotyping of innate immune cells in whole blood (500 

µL), as described in(339), and mononuclear cells (106 cells) derived from BAL: anti-CD20-BB700 

(clone 2H7; 2.5 µL; cat. # 745889), 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-CD115-BV750 (clone 9-4D2-1E4; 2.5 µL; cat. # 747093), 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-CD69-

BUV805 (clone FN50; 2.5 µL; cat. # 748763), and Fixable Viability Stain 700 (2 µL; cat. # 564997) 

all from BD Biosciences; anti-CD38-FITC (clone AT1; 2.5 µL; cat. # 60131FI) from STEMCELL 

Technologies; anti-CD161-BV421 (clone HP-3G10; 5 µL; cat. # 339914), anti-HLA-DR-BV650 
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(clone L243; 5 µL; cat. # 307650), anti-CD11c-BV785 (clone 3.9; 5 µL; cat. # 301644), anti-

CD11b-PE (clone ICRF44; 2.5 µL; cat. # 301306), 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; and anti-CD27-PE-Cy5 (clone 1A4CD27; 2.5 µL; cat. # 6607107) and 

anti-NKG2A-APC (clone Z199; 5 µL; cat. # A60797) from Beckman Coulter. The sorting strategy 

is show in Fig. S1. 

 

Bulk RNA-Seq library & sequencing 

RNA was isolated using RNeasy Mini or Micro kits (QIAGEN) with on-column DNase digestion. 

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). Agilent 4200 

TapeStation was used to validate the libraries by capillary electrophoresis and the libraries were 

pooled at equimolar concentrations, 

Bulk RNA-Seq analysis 

The STAR index was built by combining genome sequences for Macaca mulatta (Mmul10 

Ensembl release 100), SARS-CoV2 (strain MN985325.1 - NCBI) and ERCC sequences as 

described previously(329). The ReadsPerGene files were used to generate counts in the htseq 

format and were imported in DESeq2(550) using the DESeqDataSetFromHTSeqCount function.  

The PBMC and BAL samples were analyzed separately and the design used was: ∼ Group + 

Subject + 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 
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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.  

In order to obtain references for assigning cell types in single-cell data, bulk RNA-Seq data of 

interstitial (IM) and alveolar macrophages (AM) from three uninfected rhesus macaques 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.  

The input for GSEA was the regularized log expression values obtained from DESeq2. The 

following gene sets were used for GSEA(531) analysis: Hallmark and Canonical pathways 

(MsigDB), NHP ISGs(82) and Rheumatoid arthritis (KEGG map05323). GSEA was run with default 

parameters with the permutation type set to gene_set. Volcano plots of differential expression at 

each timepoint were generated with Enhanced Volcano R library(594). The regularized log 

expression values from DESeq2 were used to generate heatmaps using the Complex Heatmap 

R library(551). 

scRNA-Seq analysis 

For each BAL sample from SARS-CoV2 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 

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 File 3. All the BAL samples from each animal 

at -5dpi and 4dpi were then integrated as per the Seurat integration pipeline(595) after normalizing 
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the samples using SCTransform method. The first 30 dimensions were used with RunUMAP and 

FindNeighbors functions. 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.  

The three lung samples from uninfected rhesus macaques were processed similarly. 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 annotates based on the expression of marker genes. This integrated dataset served as the 

reference to map the macrophages/monocytes from SARS-CoV2 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.  
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Chapter Four Figures  

 

Figure 4.1. Early expansion of inflammatory cells in the blood following infection with 

SARS-CoV-2. (a) Study design; 8 RMs were infected intranasally and intratracheally with SARS-

CoV-2 and tracked longitudinally. Baricitinib was administered daily to 4 RMs starting at 2dpi and 

the remaining 4 RMs were untreated. (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. (d) Longitudinal levels of plasmacytoid dendritic cells (pDCs) within BAL and 

blood depicted as a % of CD45+ cells. (e) Longitudinal levels of NK cells expressing Granzyme 

B in BAL and blood. Open symbols represent RMs that received baricitinib treatment starting 2dpi 

and filled symbols represent untreated RMs. The red bars represent the mean. Statistical analysis 
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was performed using one-tailed Wilcoxon signed-rank test comparing each timepoint to -5dpi. * 

p-value < 0.05, ** p-value < 0.01. 
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Figure 4.2. Early pro-inflammatory and ISG response observed in airways and peripheral 

blood by bulk transcriptomics. (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. (b) Heatmap of longitudinal 

responses for the ISG gene set. The color scale indicates log2 expression relative to the median 
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of the -5dpi samples. (c) Cytokines evaluation (Mesoscale) in BALF and (d) Plasma; only 

significant cytokines are shown. (e) Sum of normalized expression of all IFNA genes in BAL. (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. The red bar represents 

the mean. Statistical analysis was performed using one-tailed Wilcoxon signed-rank test 

comparing each timepoint to -5dpi. * p-value < 0.05, ** p-value < 0.01. 
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Figure 4.3. Influx of pro-inflammatory macrophages in BAL (a) Projection of single-cell 

macrophages/monocytes from -5dpi (green) and 4dpi (magenta)  10X BAL samples obtained from 

three SARS-CoV2 infected rhesus macaques onto the reference UMAP of lung 

macrophage/monocytes from uninfected rhesus macaques (NCBI GEO : GSE149758).  (b) 

UMAP projections showing the predicted cell type annotations from the uninfected lung reference 

split by time of sample collection. (c) DotPlots showing the expression of marker genes for the 

different macrophage/monocyte subsets in SARS-CoV2 infected BAL samples (d) Log2 fold-

changes compared to -5dpi for APOBEC3A, CHIT1 and MARCO in bulk BAL RNA-Seq data. (e) 

Percentage of a given subset out of all macrophage/monocyte subsets at -5dpi and 4dpi from all 

three animals (f,g,h) FeaturePlots showing the expression of selected pro-inflammatory cytokines 

(f), chemokines (g) and ISG (h) in different macrophage/monocyte subsets at 4 dpi. (i) 

Contribution of each macrophage/monocyte subset towards the production of the pro-

inflammatory genes and ISG. 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. 
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Figure 4.4. 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) Percentage of a given 

macrophage/monocyte subset of all the macrophages/monocytes in the BAL samples. (d) Violin 

plots showing expression of pro-inflammatory cytokines, chemokines and ISG in the different 

macrophage/monocyte subsets in BAL 10X samples from baricitinib treated and untreated 

samples.  
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Figure 4.S1. Flow sorting strategy for different immune cell populations. 
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Figure 4.S2. Longitudinal flow cytometric analysis in BAL and blood following SARS-CoV-

2 infection. (A) Longitudinal levels of monocytes within BAL and blood depicted as the 

percentage of CD45+ cells and % of monocytes (CD3- CD20- HLA-DR+). (B) Longitudinal levels 

of NK cells as a percentage of CD45+ cells and frequency of NK cells expressing Granzyme B in 

BAL and blood. (C) Longitudinal levels of plasmacytoid dendritic cells (pDCs) within BAL and 

blood depicted as a % of CD45+ cells. The red bars represent the mean. Statistical analysis was 

performed using one-tailed Wilcoxon signed-rank test comparing each timepoint to -5dpi. * p-

value < 0.05, ** p-value < 0.01. 
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Figure 4.S3. Bulk transcriptomic analysis of airways and peripheral blood. (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). (D) Sum of normalized expression 
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of IFNA in longitudinal BAL samples. The red bars represent the mean. Statistical analysis was 

performed using one-tailed Wilcoxon signed-rank test comparing each timepoint to -5dpi. * p-

value < 0.05. 
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Figure 4.S4. Reference used for annotating macrophage/monocyte subsets. (a) UMAP of 

macrophages/monocytes from 10X lung samples of three uninfected rhesus macaques (NCBI 

GEO:  GSE149758) showing Louvain clustering. (b & c) FeaturePlot (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 

previously (577, 579) (e) Sorting strategy for interstitial and alveolar macrophages from lungs of three 

uninfected rhesus macaques (f) Volcano plots showing differentially expressed genes for pairwise 

comparison of alveolar and interstitial macrophages. 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. (g) Heatmap 

showing the top 15 genes for each subset. The color scale indicates log2 expression relative to 

the median of all samples. (h) UMAP of single-cell 10X lung samples showing SingleR 

annotations using the bulk sorted cells as reference. 
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Figure 4.S5. Cell annotation using bulk sorted cells as reference. (a & b) The BAL 

macrophage/monocytes from SARS-CoV2 infected rhesus macaques (three untreated and two 
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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 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 and baricitinib treated rhesus macaques. 
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Figure 4.S6. Expression of DE genes in different macrophage/monocyte subsets in (a) 10X lung 

control samples from three uninfected RM. (b & c) BAL samples from three SARS-CoV2 infected 

RM annotated using the 10X lung reference (b) or the bulk sorted cells as reference (c). 
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Chapter Five: Modulation of type-I interferon responses results in decreased 

inflammation and enhanced virologic control in SARS-CoV-2-infected rhesus macaques 
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Summary 

Inflammation following SARS-CoV-2 infection is a hallmark of COVID-19 and predictive of 

morbidity and death, however, the inflammatory pathways contributing to host-defense vs 

immune-mediated pathology have not been fully elucidated. This duality is clearly seen with type-

I interferons (IFN-I) which are a critical mediator of innate control of viral infections, but also drives 

recruitment of inflammatory cells to site of infection, a key feature of severe COVID-19. Here, we 

modulated IFN-I signaling in rhesus macaques (Macaca mulatta) prior to and during acute SARS-

CoV-2 infection (from day -1 through day 2 post infection) using an IFN-I antagonist (IFNant) 

which blocks binding to its receptors and signaling of endogenous IFN-I. IFNant treatment 

resulted in a highly significant and consistent reduction in SARS-CoV-2 viral load in the lower 

airways (>3-log difference; 2dpi BAL) and upper airways (nasal and throat swabs), with viral loads 

remaining at low levels when treatment was halted. IFNant also potently reduced soluble markers 

of inflammation in BAL, expansion of inflammatory monocytes (CD14+CD16+), and pathogenesis 

in the lung. Furthermore, Siglec-1 expression, which has been shown to enhance SARS-CoV-2 

infection, was rapidly downregulated in the lung and on monocytes of IFNant-treated SARS-CoV-

2 infected RMs. In conclusion, IFN-I plays a vital and early role in regulating COVID-19 

progression. A better understanding of the role of IFN-I pathways is absolutely needed to design 

therapies targeting these pathways and aimed at limiting COVID-19 pathogenesis. 

 

Introduction 

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) and is an ongoing and rapidly developing pandemic (319, 320). Due to 

the rapid rise and subsequent transmission of SARS-CoV-2 and the emerging variants of concern 

(414-420), it is imperative to fully characterize the viral pathogenesis and early immune responses 

that may inform the treatment of infected individuals, identify correlates of protection, and design 
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therapeutics targeted at SARS-CoV-2 infection. While vaccines are highly effective, the 

emergence of SARS-CoV-2 variants resulting in breakthrough infections remains worrisome, 

necessitating the need for therapeutics that can mitigate disease severity and viral replication.  

 

Following SARS-CoV-2 infection, there is a rapid induction of systemic inflammation and 

infiltration of immune cells, including macrophages and neutrophils, into the lung (338-341). Although 

the majority or cases are mild to moderate disease, 5-10% of patients will progress to 

severe/critical disease, including bilateral interstitial pneumonia or acute respiratory distress 

syndrome (ARDS) (335, 342). Severe cases of COVID-19 are associated with elevated levels of pro-

inflammatory cytokines and chemokines, and hampered innate antiviral responses. Therefore, it 

is imperative to understand the mechanisms driving inflammation and infection, and to design 

therapies targeted at these pathways.  

 

Type-I interferons (IFN-I), first described in the late 1950s by Alick Isaacs and Jean Lindenmann, 

are ubiquitously expressed cytokines that play a pivotal role in innate antiviral immunity and cell-

intrinsic immunity against viral pathogens (596-600). Receptors for IFN-I are universally expressed 

and trigger the induction of interferon stimulated genes (ISGs), leading to downstream signaling 

of antiviral mechanisms and recruitment of inflammatory cells. Recent work has shown that 

individuals with severe COVID-19 were more likely to have deficiencies to IFN-I responses, either 

by the presence of inborn errors (TLR3, IRF7, TICAM1, TBK1, or IFNAR1), neutralizing auto-

antibodies against IFN-I, or the lack of production of IFN-I (424, 425, 429-432). Typically, patients with 

auto-antibodies against IFN-I do not tend to suffer from severe viral diseases, although some 

inborn errors to IFN-I can underlie severe viral infection, suggesting that the immune system has 

compensatory mechanisms for individuals with deficiencies to IFN-I. Notably, and in contrast to 

the above mentioned studies, additional work by Povysil et al. have shown that there were no 
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associations with rare-of-functions variants in IFN-I with severe COVID-19 (601). Lee et al. show 

that patients with severe COVID-19 exhibit hyper-inflammatory signatures, and in particular an 

IFN-I response in conjunction with TNF/IL-1β driven inflammation, suggesting that IFN-I 

responses may result in severe disease by exacerbating inflammation (602). Recent work (435, 436) 

show that prolonged IFN signaling can also interfere with lung repair following viral infection, and 

can increase disease severity and susceptibility to subsequent bacterial infections. Interestingly, 

ACE2 the entry receptor for SARS-CoV-2, has also been linked as an interferon stimulated gene 

(333). Additionally, interferon-induced transmembrane proteins (IFITM1-3), which are ISGs can be 

commandeered by SARS-CoV-2 to increase efficiency of viral infection (603). The C-type lectin 

receptors DC-SIGN, L-SIGN, and sialic acid-binding Ig-like lectin 1 (Siglec-1/CD169) were also 

shown to function as attachment receptors through enhancement of ACE2-mediated infection and 

inducing trans-infection (437). Thus, it is critical to better understand the roles of IFN-I signaling in 

regulating SARS-CoV-2 replication and pathogenesis, including for implementing therapeutic 

strategies targeting those pathways.   

 

Non-human primate (NHP) models, specifically rhesus macaques (RMs), have been used 

extensively to study pathogenesis and potential vaccine and antiviral candidates for numerous 

viral diseases, including HIV and, more recently, SARS-CoV-2 (519). 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. Previously, we and others (329, 568, 569), have shown 

the RMs generate a rapid and robust IFN-I response following SARS-CoV-2 infection, with 

numerous ISGs upregulated as early as 1dpi. Here, we sought to understand the roles of IFN-I 

following SARS-CoV-2 infection by modulating IFN-I responses prior to and during the first two 

days of infection using a mutated IFNa2 that, by binding IFNAR1/2, block binding and signaling 

of all forms of endogenous IFNalpha and IFNbeta (IFN-I antagonist; IFNant) (82, 604-606).  
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Results 

 

IFNant treatment resulted in decreased SARS-CoV-2 viral loads in upper and lower airways 

of treated RMs  

20 adult RMs (6-20 years old, mean = 10 years) were randomized (age and sex matched) to 

receive (IFNant treated group), or not (untreated; control group), IFNant (intramuscularly, 1 

mg/day) starting from one day prior to infection (d-1) and continued until 2 days post-infection 

(dpi) (Figure 5.1A). On day 0, all 20 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. 8 

RMs (4 IFNant and 4 untreated) were euthanized at 2 dpi, 6 RMs (3 IFNant and 3 untreated) were 

euthanized at 4 dpi, and 6 RMs (3 IFNant and 3 untreated) at 7 dpi.  

 

There were slight reductions in all RMs to absolute counts of peripheral monocytes, neutrophils 

and lymphocytes, which could be due to trafficking to the lung as a result of infection, and 

decreased red blood cell counts (RBC), hematocrit (HCT) and hemoglobin (HGB) were observed 

starting at 1 dpi in all RMs. Overall, IFNant was well tolerated without evidence of treatment 

induced clinical-pathology, nephrotoxicity, or hepatotoxicity when compared to untreated SARS-

CoV-2 infected RMs. Weight loss was observed in both untreated and IFNant treated RMs, 

however, this could be attributed to the daily access of the animals.  

 

Viral RNA levels were measured, blinding to the treatment group, using genomic (gRNA) and sub-

genomic (sgRNA) qRT-PCR as previously described (329, 569). At 2dpi, during the treatment phase 

of the study, we observed a drastic reduction in the levels of gRNA and sgRNA E in the BAL 
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(gRNA – 2 dpi: 3.22x107 vs 6.63x104 p < 0.0001; sgRNA – 2 dpi: 1.03x107 vs 9.39x103 p < 0.0001; 

Fig. 5.1B-M), nasal swabs (gRNA  – 1 dpi: 1.86x107 vs 3.40x105 p = 0.0089; sgRNA  – 1 dpi: 

1.02x106 vs 2.69x104 p = 0.0162; Fig. 5.1B-M), and throat swabs (gRNA – 1 dpi: 2.48x106 vs 

7.52x103 p = 0.0065; gRNA – 2 dpi: 6.56x105 vs 3.44x105 p = 0.028; Fig. 5.1B-M) of IFNant treated 

RMs during the treatment phase of the study (Fig). Specifically, IFNant treatment resulted in a 

~500-fold reduction in gRNA (Fig. 5.1B and H) and a >1000-fold reduction in sgRNA E (Fig. 5.1E 

and K) in the BAL at 2 dpi. Additionally, in the nasal swabs at 1 dpi, there was a 50-fold reduction 

in gRNA copies and ~40-fold reduction in sgRNA E copies in IFNant treated RMs (Fig. 5.1C and 

I). The gRNA at 1 and 2 dpi in the throat also followed the same trend, with 330-fold and 2-fold 

less virus in IFNant treated RMs than untreated RMs, respectively. The BAL and nasal swab viral 

loads were confirmed with sgRNA targeting the N gene. Of note, due to limited space and 

resources in BSL-3, we have divided the 20 animals into 7 groups of 2-4 animals each; each 

group included age and sex matched controls and IFNant treated RMs. As a result, infection has 

been performed in 7 different experiments, with IFNant treated animals in each of the 7 

experiments consistently showing lower viral loads as compared to the controls. Once treatment 

was stopped, viral loads remained stable, without any increase, in the treated group up till 7 dpi, 

the latest accessed time point. As consistently shown in many studies, viral loads decreased in 

control RMs after the early peak, thus values were no longer statistically different between IFNant 

treated and untreated RMs starting from 4 dpi. In summation, treatment with IFNant was safe and 

well tolerated, and resulted in a consistent and drastic (between 1 to 3.5 logs) decreased viremia 

in the upper and lower airways.  

IFNant treatment reduced lung pathology and soluble markers of inflammation in SARS-

CoV-2 infected rhesus macaques  

To assess lung damage following SARS-CoV-2 infection, all RMs were euthanized at either 2, 4 

or 7 dpi. At necropsy, multiple sections of upper, middle, and lower lung lobes were taken for 
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immunologic, virologic and pathologic analyses. Pathological analysis was performed as 

previously described by two pathologists, independently and blinded to the experimental arms. 

Treated RMs showed decreased type 2 pneumocyte hyperplasia, alveolar septal thickening, and 

perivascular cuffing (Fig. 5.2A).  The average pathology score per lobe (measuring the average 

severity of abnormalities per lobe, independently of how many lobes had been affected, p=0.0913) 

and the total pathology score (considering severity and number of effected lobes, p=0.0331) were 

lower in the IFNant treated group (2.07 and 3.6, respectively) as compared to untreated RMs (5 

and 10.2, respectively) (Fig. 5.2B and C). Consistent with the ability of IFNant to reduce BAL viral 

loads, treated RMs displayed decreased expression of nucleocapsid in the lung, including at 7 

dpi (Fig. 5.2D) when the differences in viremias are no longer significant in BAL, thus suggesting 

a longer impact when analyses are performed directly in lung tissue. Notably, the nucleocapsid 

was staining was more diffuse in the untreated RMs, whereas IFNant treated RMs had small foci 

of infected cells, suggesting that treatment restrained infection to fewer cells in the lung. Levels 

of Mx1 were lower in IFNant treated RMs, with all 6 untreated RMs having between 25%-75% of 

lung area positive for Mx1 as compared to 2 out of 6 IFNant RMs with between 25%-50% positive 

for Mx1 and the majority having less than 25% of the area positive for Mx1.   

 

SARS-Cov-2 infection has been shown to induce the production of multiple mediators of 

inflammation and chemotaxis of inflammatory cells.  Accordingly, multiple chemokines and 

cytokines were shown to be upregulated in the BAL of untreated RMs already at 2 days post 

SARS-CoV-2 infection as measured by fold change (FC) to baseline (-7 dpi), whereas they 

remained remarkably stable in IFNant treated RMs (Fig. 5.2 L-S). Molecules showing the most 

significant differences at 2dpi include IL-1β (FC: 8.1 vs 0.81), IL-6 (FC: 196.9 vs 2.92), TNFβ (FC: 

1.77 vs 0.99), IFNg (FC: 2.15 vs 0.86), MIP1a (FC: 16.93 vs 2.49), MIP1b (FC: 105.2 vs 1.57), 

MCP4 (FC: 3.14 vs 1.02) and Eotaxin 3 (FC: 8.51 vs 2.32).  



 195 

 

Overall, these data suggest that treatment with IFN-ant reduced pathology, inflammation, and 

tissue viral load.  

 

IFNant treated RMs displayed decreased expansion of inflammatory monocytes and rapid 

downregulation of Siglec-1  

To monitor the immunological effects of IFNant on cellular distribution within BAL and blood, we 

performed high-dimensional flow cytometry to assess cellular populations longitudinally during 

infection. We measured the frequencies of classical (CD14+CD16-), non-classical (CD14-CD16+), 

and inflammatory (CD14+CD16+) monocytes. Recent reports have shown that patients with mild 

to severe COVID-19 have an expansion of inflammatory monocytes. Here, we observed that, 

when compared to controls, IFNant treated RMs had a significantly lower expansion of 

inflammatory monocytes as early as 2 dpi, which was maintained until RMs were euthanized at 4 

and 7 dpi (Fig 5.3 A-E). The difference was specific for blood, with no difference observed within 

the BAL. Thus, reduced levels of IFN-I genes resulted in a decrease in expansion of inflammatory 

monocytes and neutrophils, thus reducing systemic and lung inflammation.  

 

Recently, it was shown that sialic acid-binding Ig-like lectin 1 (Siglec-1/CD169) can function as 

attachment receptors through enhancement of ACE2-mediated infection and inducing trans-

infection (437). Additional work by Perez-Zsolt et al. have shown that Siglec-1, which is present on 

antigen presenting cells and interacts with retrovirus and filoviruses, can bind to SARS-CoV-2 

(607). This interaction of Siglec-1 can mediate trans-infection and induce a rapid proinflammatory 

response. Furthermore, upregulation of Siglec-1 on circulating human monocytes has been 

identified as an early marker identifying SARS-CoV-2 infection and been associated with disease 
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severity (608). In our study, we found a rapid upregulation of Siglec-1 on classical and inflammatory 

monocytes following SARS-CoV-2 infection in all untreated animals, both in term of frequency of 

CD14+ monocytes (Fig 5.3 F and G), MFI on CD14+ monocytes (Fig 5.3 H), and on 

CD14+CD16+ monocytes (Fig 5.3 I). The increased expression of Siglec-1 was significantly lower 

in the IFNant treated RMs, both as frequency of CD14+ monocytes and as MFI, at both 2 and 4 

dpi, suggesting that blockade of IFN-I signaling had a dramatic effect on overall expression of 

Siglec-1.  This is complimentary to the viral load data, where IFNant treated RMs had significantly 

lower levels of genomic and sub-genomic levels of viral RNA in the BAL and nasal swabs.  

 

Discussion 

The mechanisms by which SARS-CoV-2 drives systemic inflammation remains largely unknown, 

but remains a key to understanding disease pathogenesis and the development of therapeutics. 

Here we utilized nonhuman primates as a model of SARS-CoV-2 to understand the roles of IFN-

I following infection using an integrated systems approach to characterize IFN-I pathways. 

Notably, modulation of IFN-I with an antagonist starting prior to infection resulted in decreased: i) 

viral loads in the BAL, nasal, and throat swabs during treatment, ii) lung pathology and expression 

of Mx1, iii) expansion of inflammatory monocytes and frequency of Siglec-1, and iv) signatures of 

systemic inflammation. This suggests that treatments targeted at modulating IFN-I responses 

could be promising in mitigating disease severity if administered early during infection. This 

beneficial, but unexpected outcome, was confirmed with viral loads in the BAL, nasal swabs, and 

tissue at necropsy and an overall decrease to signatures of systemic inflammation that has been 

associated with severe disease in human cohorts.  

 

These data are contrary to data that has been recently published regarding deficiencies to IFN-I, 

whereby a lack of IFN-I response was associated was increased disease severity. Based on 
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conventional ideas, the lack of a robust IFN-I response would likely lead to a hampered antiviral 

response and increased dissemination of infection. However, patients with auto-antibodies 

against IFN-I typically do not suffer unusually severe viral infections when compared to patients 

without neutralizing antibodies against IFN-I. However, patients with inborn errors of TLR3 and 

IRF7 have been linked to increased disease severity following respiratory infections. This 

suggests that the immune system has compensatory mechanisms that can counteract the lack of 

IFN-I response and induce an antiviral response. However, recent work by Major et el. has shown 

that Type I and III IFNs can hinder lung tissue repair following viral infection and rendering the 

host susceptible to opportunistic bacterial infections. Thus, therapies targeting IFN pathways 

warrant further research to obtain the optimal balance of stimulation of antiviral response, while 

maintaining tissue repair pathways.  

 

Several ongoing and recently competed clinical trials administering IFN- α/β have shown little to 

no positive effects of therapy during acute infection. The Solidarity Trial evaluated 4 treatments: 

remdesivir, hydroxychloroquine, lopinavir/ritonavir, and interferon and found that all 4 treatments 

had little or no effect on the overall patient mortality, ventilation requirements, and duration of 

hospital stay. However, therapeutics targeted at dampening inflammation, such as 

dexamethasone and baricitinib, have shown promise. As a result, there are continued efforts to 

understand inflammatory pathways triggered following SARS-CoV-2 infection to develop better 

targeted approaches to treat COVID-19.  

 

In conclusion, our study provides insight to IFN-I derived inflammation and transient upregulation 

of antiviral genes are beneficial following SARS-CoV-2 infection. 

 



 198 

Acknowledgments 

We thank the Yerkes National Primate Research Center (YNPRC) Division of Animal Resources, 

especially Stephanie Ehnert, Stacey Weissman, Denise Bonenberger, John M. Wambua, and 

Racquel Sampson-Harley Research Resources for providing support in animal care. This work 

was additionally funded by the National Institute of Allergy and Infectious Diseases (NIAID, NIH) 

under awards R37AI141258, R01AI116379 to M.Pa, and U24AI120134 to S.E.B. Support for this 

work was also provided by award NIH Office of Research Infrastructure Programs (ORIP) 

P51OD11132 to YNPRC, and NIAID award P30 AI050409 to the Center for AIDS Research 

(CFAR) at Emory University. Next generation sequencing services were provided by the Yerkes 

NHP Genomics Core which is supported in part by NIH P51OD011132. Sequencing data was 

acquired on an Illumina NovaSeq6000 funded by NIH S10OD026799 to S.E.B. The content of 

this publication does not necessarily reflect the views or policies of the U.S. Department of Health 

and Human Services, nor does it imply endorsement of organizations or commercial products. 

 

Author Contributions 

Conceptualization, T.H., and M.Pa.; Methodology, T.H., E.G.V., A.A.U., M.Pi., A.K.B., Z.S., 

G.K.T., K.L.P., S.G., S.K., S.W., T.R.H., E.N.B., T.H.V.; Formal Analysis, T.H., A.K.B., A.A.U., 

G.K.T., S.G., S.K., T.H.V; Investigation, T.H., M.Pi., E.G.V., J.C., S.J., J.S.W., F.C-S., R.L.S., 

R.D.L., and T.V.; Resources, S.B. and M.Pa.; Writing – Original Draft, T.H., and M.Pa.; Writing – 

Review & Editing, T.H., E.G.V., S.E.B. and M.Pa.; Visualization, T.H., A.K.B., A.A.U., and G.K.T; 

Supervision, M.Pa.; Funding Acquisition, M.Pa. 

 

Materials and Methods 

Declaration of Interests 



 199 

The authors have nothing to disclose.  

 

RESOURCE AVAILABILITY 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Mirko Paiardini (mirko.paiardini@emory.edu).  

 

Materials Availability 

This study did not generate new unique reagents.  

 

Data and Code Availability 

The datasets generated during this study are available at Gene Expression Omnibus (GEO) 

accession PENDING and code can be made available upon requests. 

 

Data Availability Statement 

Source data supporting this work are available from the corresponding author upon reasonable 

request. The following sequencing data have been deposited in GenBank: SARS-CoV-2 viral 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS  

Study Approval 

YNPRC’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 and approved by Emory University’s Institutional Animal 

Care and Use Committee (IACUC) under permit PROTO202000035. 

 

Animal models 

Twenty (10 female and 10 male) specific-pathogen-free (SPF) Indian-origin rhesus macaques 

(RM; Macaca mulatta; Table S1) were housed at Yerkes National Primate Research Center 

(YNPRC) as previously described (129) in the ABSL3 facility. Animals for study assignment were 

requested to be greater than 6 years old without preference for gender or MHC haplotype. 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. Absent further stratification criteria, 10 RMs 

were administered 1 mg/day of IFN-I antagonist (IFNant) starting one day prior to infection (-1 

dpi) until 2 dpi. IFNant was supplied in solution and diluted with PBS and administered 

intramuscularly in the thigh. At each anesthetic access pulse oximetry was recorded and RMs 

were clinically scored for responsiveness and recumbency; discharges; skin condition; 

respiration, dyspnea, and cough; food consumption; and fecal consistency.  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 prior to IFNant administration as annotated (Figure 5.1A). In addition to the tissues 
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listed above, at necropsy the following tissues were processed for mononuclear cells: hilar LN, 

lower lung, and upper lung. Additional necropsy tissues harvested for histology included 

nasopharynx.  

METHOD DETAILS 

Vero E6 cell line (African Green Monkey Kidney cell line; CRL-1586, ATCC) was used in this 

study.  Vero cells were cultured and maintained in MEM (Sigma) supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (Gibco) and 1 mM L-glutamine (Gibco), 50 U/ml penicillin 

and 50 μg/ml streptomycin (Gibco). The cells were kept at 37°C in the presence 5% CO2.  At 

the time of virus inoculation and propagation, the concentration of FBS was reduced to 2%. 

SARS-CoV-2 (NR-52281: BEI Resources, Manassas, VA; USA-WA/2020, Lot no. 70033175) 

was passaged on Vero E6 cells at a MOI of 0.01 to produce the infectious viral stock. SARS-

CoV-2 has been propagated and titrated by TCID50 method followed by storage of aliquots at -

80°C until further use in the experiments. 

 

Determination of viral load RNA 

SARS-CoV-2 genomic RNA was quantified in nasopharyngeal (NP) swabs, throat swabs, rectal 

swabs, and bronchoalveolar lavages (BAL). Swabs were placed in 2mL of PBS (CORNING). Viral 

RNA was extracted from NP swabs, throat swabs, rectal swabs, and BAL on fresh specimens. 

Viral RNA was extracted manually using the QiaAmp Viral RNA mini kit according to the 

manufacturer’s protocol. 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’. qPCR reactions were performed in 

duplicate with the TaqMan Fast Virus 1-step Master Mix using the manufacturer’s cycling 
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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. 

 

Histopathology and immunohistochemistry 

Due to study end point, the animals were euthanized, and a complete necropsy was performed. 

For histopathologic examination, various tissue samples including lung, nasal turbinates, trachea, 

or 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 semi-quantitatively as Grade 0 (None); Grade 1 (Mild); Grade 2 (Moderate) 

and Grade 3 (Severe). 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). 

Immunohistochemical (IHC) staining of sections of lung was performed using a biotin-free polymer 

system. The paraffin-embedded sections were subjected to deparaffinization in xylene, 
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rehydration in graded series of ethanol, and rinsed with double distilled water. Antigen retrieval 

was performed by immersing sections in DIVA Decloaker (Biocare Medical) at 125 ̊C for 30 

seconds in a steam pressure decloaking chamber (Biocare Medical) followed by blocking with 

Background Sniper Reagent (Biocare Medical) for 10 minutes. The sections were incubated with 

Thyroid Transcription Factor-1 (Clone 8G7G3/1) for overnight at 4°C followed by a detection 

polymer system (MACH 2™; Biocare Medical). Labeled antibody was visualized by development 

of the chromogen (DAB Chromogen Kits; Biocare Medical).  

 

Tissues were fixed in freshly prepared 4% paraformaldehyde for 24 h, transferred to 70% ethanol, 

paraffin embedded within 7-10 days, and blocks sectioned at 5 µm.  Slides were baked for 30-60 

min at 65oC then deparaffinized in xylene and rehydrated through a series of graded ethanol to 

distilled water. Heat induced epitope retrieval (HIER) was performed with the antigen retrieval 

buffers citraconic anhydride (0.01% with 0.05% Tween; Mx1, Iba-1, and Ki-67) or citrate buffer 

(pH 6.0; MPO) in a Biocare NxGen Decloaking Chamber that was set to 110°C for 15 min. The 

slides were cooled, rinsed twice in distilled water and 1X TBS with 0.05% Tween-20 (TBS-T), 

blocked (TBS-T + 0.25% casein) for 30 minutes at room temperature, then incubated at room 

temperature with antibodies against Mx1 (EMD; Cat. No. MABF938 at 1:1000 for 1 hour), MPO 

(Dako; Cat. No. A0398 at 1:1000 for 1 hour), Iba-1 (BioCare; Cat. No. CP290A at 1:500 for 1 

hour), and Ki67 (BD Pharmingen; Cat. No. 550609 at 1:200 for 1 hour). Endogenous peroxidases 

were blocked with 1.5% H2O2 in TBS-T for 10 minutes. Slides were then incubated with Rabbit 

Polink-1 HRP (GBI Labs; Cat. No. D13-110 for MPO and Iba-1) and Mouse Polink-2 HRP (GBI 

Labs; Cat. No. D37-110 for Mx1 and Ki67). Slides were developed using Impact™ DAB (3,3′-

diaminobenzidine; Vector Laboratories), washed in ddH2O, counterstained with hematoxylin, 

mounted in Permount (Fisher Scientific), and scanned at 20x magnification on an Aperio AT2 
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(Leica Biosystems). Staining for MPO, Mx1, Iba-1, and Ki67 IHC was performed as previously 

described using a Biocare intelliPATH autostainer.  

 

Tissue Processing 

PB was collected from the femoral vein in sodium citrate, serum separation, and EDTA tubes from 

which plasma was separated by centrifugation within 1 hour of phlebotomy. PB was used for 

complete blood counts, comprehensive serum chemistry panels, and measurement of neutrophil 

extracellular traps (NET) activity. From EDTA PB, peripheral blood mononuclear cells (PBMCs) 

were isolated using a Ficoll-Paque Premium density gradient (GE Healthcare), and washed with 

R-10 media. R-10 media 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 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 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 35-50 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.  



 205 

 

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), or Nuclisens lysis buffer (Biomerieux) for analyses of compound 

distribution, RNA-seq, and tissue viral quantification, respectively.  

 

Immunophenotyping 

23-parameter flow cytometric analysis was perform on fresh PBMCs and mononuclear cells (106 

cells) derived from LN biopsies, BAL, and lung. Immunophenotyping was performed using anti-

human monoclonal antibodies (mAbs), which we (111, 129, 288, 558) and others, 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 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-
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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 (Figure S6). 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 (339), and mononuclear cells (106 cells) 

derived from LN biopsies, BAL, and lung: 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-TexasRed (clone GB11; 2.5 µL; cat. 
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# 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 (Figure S6). 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). For each sample a 

minimum of 1.2x105 stopping gate events (live CD3+ T-cells) were recorded except for RB in which 

a minimum of 5x104 stopping gate events 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 software and analyzed with FlowJo 

(version 10.7; Becton, Dickinson, and Company). 

 

 

QUANTIFICATION AND 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. Due to the low number of animals included in our study, p values ≤0.1 have been 

indicated in the graphs. Analyses, unless otherwise noted, were performed with Prism version 8 

(GraphPad).  
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Chapter Five Figures 
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Figure 5.1 IFNant treated RMs have lower levels of viremia during treatment phase.  (A) 
Study design; 20 RMs were infected intranasally and intratracheally with SARS-CoV-2, with 10 
RMs receiving IFNant 1 day prior to infection (1 mg/day IM). Longitudinal collections performed 
are indicated in circles. (B-M) After SARS-CoV-2 inoculation, bronchoalveolar lavages (BALs), 
nasal, and throat swabs were collected, and viral loads were quantified for gRNA (N2) and sgRNA 
(E). Different symbols represent individual RMs. Lines represent the median of each group. 
Statistical analysis was performed using a non-parametric Mann-Whitney test.  
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Figure 5.2. Reduced disease pathogenesis and lower levels of lung pathology in IFNant-
treated RMs. (A) Pathology scoring for animals at necropsy. (B and C) (B) Total pathology score 
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per lobe. (C) Average pathology score. (D) Scoring for nucleocapsid staining. (E-G) Nucleocapsid 
staining in uninfected (E), control (F), and IFNant treated (G) RMs. (H-K) (H) Scoring for MxA 
staining. MxA staining in uninfected (I), control (J), and IFNant treated (K) RMs. (L-S) Fold change 
to baseline of soluble cytokines and chemokines in BALs of control and IFNant treated RMs. Each 
symbol represents individual animals. Statistical analysis in were performed using non-parametric 
Mann- Whitney test. Statistical analyses were performed two-sided with p < 0.05 deemed 
significant. Ranges of significance were graphically annotated as follows: *p < 0.05.  
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Figure 5.3. Decreased expansion of pro-inflammaotry monocytes and Siglec-1 expression 
in IFNant-treated RMs. (A) Representative staining of blood monocytes for CD14 and CD16. (B 
and C) Frequency of monocyte populations of (B) Control RMs. (C) IFNant RMs. (D) Frequency 
and (E) fold change of CD14+CD16+ (pro-inflammatory) monocytes following SARS-CoV-2 
infection. (F) Representative staining of blood monocytes for CD169/Siglec-1. (D) Frequency and 
(H) MFI of Siglec-1 expression within blood monocytes. (I) Frequency Siglec-1 expression within 
pro-inflammatory monocytes. Each symbol represents individual animals. Statistical analysis in 
were performed using non-parametric Mann- Whitney test. Statistical analyses were performed 
two-sided with p < 0.05 deemed significant. Ranges of significance were graphically annotated 
as follows: *p < 0.05.  
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