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Abstract 

 

A novel antiviral function of AMOTL2 enhances the human type I interferon response against 

Zika virus 

 

Alexandra Willcox 

 

Chair of the Supervisory Committee: 

Michael Emerman 

Department of Microbiology 

 

 Zika virus (ZIKV) re-emerged over the last several decades to cause large outbreaks in the 

Asian Pacific and Americas. ZIKV disease, though usually mild, can cause severe neurological 

complications, including developmental defects in infants born to a ZIKV-infected person. Much 

remains to be learned about ZIKV host-pathogen interactions, including how the innate immune 

system fights the early stages of infection in human cells. The type I interferon (IFN) response 

plays a particularly critical role in the innate immune response to viruses, including ZIKV. Type I 

IFN is released from virus-infected cells as a warning signal to surrounding cells, setting off a 

chain of signaling events in the target cells, including the phosphorylation of STAT1 and STAT2, 

their formation of a complex with IRF9, and the translocation of this complex to the nucleus, where 

it acts as a transcription factor driving the upregulation of hundreds of interferon-stimulated genes 

(ISGs). ISGs work collectively to potently restrict viral replication. 



  

While the type I IFN response is clearly important in restricting ZIKV, there has not been 

a systematic assessment of which host genes are responsible for this potent effect. This thesis 

describes a CRISPR knockout screen to identify genes that contribute to type I IFN restriction of 

ZIKV in A549 cells. Eleven gene hits were identified, including IFI6, a previously described ISG 

with described antiviral activity against the Orthoflavivirus genus of viruses, of which ZIKV is a 

member. I showed that inactivation of this gene led to increased ZIKV replication in the presence 

of IFN-β, confirming its role as a restriction factor against ZIKV. Because previous studies on IFI6 

used different cell types than A549 cells, my results with IFI6 knockout in A549s support the idea 

that IFI6 is an important anti-ZIKV restriction factor in diverse cell types. The top hit in the screen 

was AMOTL2, a gene with no previously described role in innate immunity. Surprisingly, 

AMOTL2 is not upregulated by type I IFN in A549 cells, but nonetheless experiments in single-

gene knockout cells confirmed its IFN-specific antiviral phenotype, meaning that knockout of 

AMOTL2 increased ZIKV replication in the presence, but not absence, of type I IFN. I found that 

inactivation of AMOTL2 caused inhibition of key steps in the IFN signaling pathway including 

STAT1 phosphorylation and nuclear translocation, which corresponded with blunting of ISG 

upregulation and increased ZIKV replication. Interestingly, inactivation of AMOTL2 

constitutively increased the levels of unphosphorylated STAT1 (U-STAT1), which has been 

reported to prevent activation of the type I IFN signaling pathway. I propose a model in which the 

presence of AMOTL2 in the cell suppresses high constitutive levels of U-STAT1, enabling a 

potent antiviral response to type I IFN. 

Interestingly, a known binding partner of AMOTL2, TAZ, has been reported to antagonize 

multiple innate immune signaling pathways. I found that AMOTL2 and TAZ interact in A549s, 

and that inactivation of TAZ increases type I IFN restriction of ZIKV in A549 cells, adding to 



  

published work that reported a proviral function of TAZ towards other viruses in other cell types. 

However, an expression construct of AMOTL2 lacking the TAZ binding domain was still able to 

rescue AMOTL2’s antiviral phenotype, suggesting that AMOTL2’s antiviral mechanism does not 

depend on TAZ binding. 

In summary, I have defined a new antiviral factor, AMOTL2, that acts through a novel 

mechanism to enhance the type I IFN response. These studies define a new pathway of type I IFN 

restriction of ZIKV. 
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Chapter 1 Introduction 
 
1.1 Basics of Zika virus: a summary overview of the topic 

Zika virus (ZIKV) is a positive-sense, single-stranded RNA virus in the Orthoflavivirus 

genus within the Flaviviridae family, related to Spondweni virus, dengue virus (DENV), yellow 

fever virus (YFV), West Nile virus, and Japanese encephalitis virus (Figure 1-1). ZIKV shares 

enough similarity to other flaviviruses that serological diagnosis is complicated by cross-reactive 

antibodies in individuals with prior flavivirus exposure, which is a particular issue in DENV-

endemic areas where ZIKV now spreads [32]. ZIKV was originally isolated in Africa, and strains 

are phylogenetically classified in the African lineage or the more recently evolved 

Asian/American lineage (Figure 1-1). ZIKV is an arbovirus that is transmitted between 

vertebrate hosts by Aedes spp. mosquitoes in sylvatic and urban transmission cycles. In the 

sylvatic cycle, ZIKV circulates between arboreal Aedes mosquitoes and non-human primates in 

forested areas, with occasional human spillover events. In the urban cycle, domestic species of 

Aedes transmit ZIKV between humans in densely populated areas, causing large human 

outbreaks [1]. 

ZIKV is a pathogen of great global health concern. The clinical outcome of infection with 

ZIKV is variable, with most infected adults exhibiting asymptomatic or mild disease, but a 

subset of individuals experiencing severe neurological outcomes. ZIKV is of particular concern 

during pregnancy as it can undergo maternal-fetal transmission, causing microcephaly and other 

developmental defects in infants born to someone infected with the virus during their pregnancy 

[2]. In addition to mosquito-borne and maternal-fetal transmission, ZIKV can also be transmitted 

through blood transfusion and sexual contact [3]. 
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Though it was first isolated in the 1940s, ZIKV rarely caused human disease until the 21st 

century, with a series of increasingly frequent human outbreaks culminating in a ZIKV pandemic 

in South and Central America in 2016, as described in more detail below. ZIKV is currently 

endemic to many areas and is predicted to continue causing large outbreaks in humans. Despite 

this ongoing threat, much remains unknown about ZIKV host-pathogen interactions and the 

human immune response to ZIKV infection, and we have no approved vaccines or other new 

tools to combat its spread. Thus, there is a need to understand host factors that regulate ZIKV 

infection as an approach to understand how we can curb ZIKV spread and pathogenesis. 
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Figure 1-1. ZIKV phylogeny showing its African and Asian/American lineages and relation to other 
orthoflaviviruses. 
Figure from: Musso, D., & Gubler, D. J. (2016). Zika Virus. Clinical Microbiology Reviews, 29(3), 487–524. 
https://doi.org/10.1128/CMR.00072-15. CC license: 1588539-1 
 

1.2 Zika virus history and epidemiology 

Discovery in Africa 

In 1947, as part of a YFV surveillance program funded by the Rockefeller Foundation, 

rhesus macaques were kept in cages in the canopy of the Zika forest of Uganda and monitored 

for signs of infection. On April 20th, Rhesus 766 developed a fever, and a sample of the 

monkey’s blood contained the very first evidence of a new arbovirus, dubbed “Zika” for the 

location of its discovery (Figure 1-2) [4]. ZIKV was the seventh novel virus to be discovered as 

part of the surveillance program over a ten-year period in Uganda, beginning with West Nile 

Virus in 1937 [2]. 

Over the next several decades, active ZIKV infection was reported very sporadically in 

humans, with the first three confirmed human cases on the African continent reported in Nigeria 

in 1954 [5] and the first human cases in Asia reported in Indonesia in 1977 [6]. Between its 

discovery in 1947 and the first large human outbreak in 2007, there were only 14 confirmed 

human cases of ZIKV [2]. Serosurveys from the 1940s onward paint a slightly different picture, 

suggesting varying levels of ZIKV endemicity in humans across much of the African continent 

and some countries in Asia [2]. Though the exact numbers should be interpreted with caution due 

to the potential for cross-reactive antibodies within the Orthoflavivirus genus, a large body of 

evidence suggests that ZIKV has been infecting humans on the African continent for some time. 

Coupled with the exceedingly low detection of active infections, the finding of high 

seropositivity suggests that ZIKV infections were either mild and therefore undetected or else 

frequently misdiagnosed as malaria or other common causes of febrile illness, which is one 
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outcome of ZIKV infection. With little cause for concern regarding ZIKV’s pathogenicity, no 

papers were published on the virus between 1983 and 2006 [7]. 

Outbreaks in the Pacific Islands 

In April 2007, physicians on Yap Island in the Federated States of Micronesia reported an 

uptick in patients presenting with symptoms of fever, rash, conjunctivitis, arthritis, and arthralgia 

[8]. Despite some serum samples testing positive for DENV IgM antibodies, suggesting recent 

DENV infection, the clinical presentation of the outbreak was distinct enough from DENV to 

warrant further investigation. The patients’ serum was found to contain ZIKV RNA, while 

testing negative for nucleic acids of other arboviruses, including DENV. By the end of the 

outbreak, an estimated 73% of the population of Yap Island aged 3 or older (~5,000 individuals) 

had been infected with ZIKV based on household serosurveys that tested for ZIKV IgM 

antibodies, which are an indication of recent infection [8]. Of the ~5,000 estimated infections, 

18% reported a clinical illness that was likely attributable to ZIKV. Though no hospitalizations 

or deaths were reported, the scale of the outbreak alarmed the biomedical community and 

renewed scientific interest in ZIKV. 
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Figure 1-2. Map of known ZIKV spread since its discovery in 1947. 
Reproduced with permission from Musso, D., Ko, A. I., & Baud, D. (2019). Zika Virus Infection - After the 
Pandemic. The New England Journal of Medicine, 381(15), 1444–1457. https://doi.org/10.1056/NEJMra1808246. 
Copyright Massachusetts Medical Society. 
  

The next large outbreak of ZIKV occurred in 2013 in French Polynesia and, similar to the 

outbreak on Yap Island, resulted in much of the population seroconverting (49%) [9]. The 

French Polynesian outbreak was important for our understanding of the virus’ pathogenicity and 

non-vector-borne transmission routes in several regards [10]: 

• It marked the first known cases of Guillain-Barré syndrome attributed to ZIKV 

infection, and the incidence of Guillain-Barré in French Polynesia was 20-fold 

higher than baseline by the end of the outbreak. (I describe Guillain-Barré in 

section 1.2.) 

• The outbreak saw the first detection of ZIKV in semen (suggesting possible 

sexual transmission). 
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• The first known maternal-fetal transmission events occurred during the outbreak, 

though the link between ZIKV infection and developmental defects in infants was 

not realized until several years later. 

In 2014 and 2015, ZIKV continued to cause outbreaks in the Pacific Islands of New 

Caledonia, Easter Island, Fiji, and others. In contrast to Yap Island and French Polynesia, these 

nearby outbreaks were generally small. These differences underscore how we are still striving to 

understand which factors dictate ZIKV spread, such as prior immunity to other flaviviruses, 

differences in Aedes mosquito vector populations, and ZIKV evolution. 

Emergence in the Americas 

ZIKV is estimated to have landed in the Americas in 2013, more than one year before the 

recognition of an outbreak in Brazil [11] (Figure 1-2, Figure 1-3). In late 2014 and early 2015, 

northeastern Brazil reported outbreaks of “exanthematic disease” affecting thousands of patients, 

and the first locally acquired ZIKV infection of the Americas was confirmed in May 2015. By 

the end of that year, suspected ZIKV cases were estimated between 440,000 – 1,300,000, in stark 

contrast to the scale of prior Asian outbreaks [12]. The American outbreak was caused by a new 

subclade of ZIKV descended from an Asian strain (Figure 1-1) [13]. 
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Figure 1-3. Timeline of ZIKV spread from January 2007 through December 2018. 
Reproduced with permission from Musso, D., Ko, A. I., & Baud, D. (2019). Zika Virus Infection - After the 
Pandemic. The New England Journal of Medicine, 381(15), 1444–1457. https://doi.org/10.1056/NEJMra1808246. 
Copyright Massachusetts Medical Society. 
 
 

By the time the World Health Organization declared a Public Health Emergency of 

International Concern in February 2016, ZIKV had been detected in 22 countries in Latin 

America and the Caribbean [14], and there was strong evidence for a link between ZIKV 

infection during pregnancy and severe birth defects in infants [15]. Modeling has estimated that 

by the time the pandemic waned at the end of 2018, 132 million people across the Americas had 

been infected with ZIKV [16], and thousands of families were caring for a child with severe 

developmental defects caused by the virus. The rapid spread and severe phenotypes of ZIKV in 

the Americas were likely the result of a combination of competent mosquito vectors in highly 

populated urban areas, a uniformly susceptible population, and possibly evolution of the virus, 

though the latter is still not well understood.  

Current situation and the threat of future outbreaks 
 

It is largely accepted that the development of herd immunity in human populations of 

South and Central America likely drove the end of the pandemic in 2018, though pockets of 

susceptible populations unaffected by the pandemic maintain low-level endemic transmission in 

the region [3,17]. In addition to its continued presence in the Americas, ZIKV also causes 

sporadic outbreaks in India [18] and continues to circulate in Africa [2,19,20]. Like other 

arboviruses such as DENV, YFV, and chikungunya virus, large ZIKV outbreaks can be expected 

to occur cyclically with the waxing and waning of herd immunity (i.e., as people born after the 

pandemic make up an increasing proportion of the population with time) [17]. A modeling study 

using data from Nicaragua predicted that the risk of a new ZIKV outbreak will surpass 50% by 
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2047, assuming lifelong immunity in individuals infected during the pandemic, which is a 

conservative assumption [21]. Indeed, a recent study provides evidence for ZIKV re-infection 

events, potentially challenging the assumption of lifelong sterilizing immunity [22]. Another 

study using data from the 2013-2014 French Polynesia outbreak predicted re-emergence in that 

population between 2026 and 2034 [23]. Furthermore, climate change will increase suitable 

habitats for ZIKV’s Aedes mosquito vectors, potentially exposing up to 1.3 billion new 

individuals to suitable temperatures for transmission by 2050 [24] (Figure 1-4). Despite this 

growing threat, we have no approved ZIKV vaccines or therapeutics to prepare us for the next 

outbreak. 

 

Figure 1-4. Populations newly at risk for ZIKV transmission by 2050. 
Red circles indicate millions of new individuals predicted to be exposed to suitable temperatures for ZIKV 
transmission by 2050 assuming worst-case scenario emissions. Figure from: Ryan, S. J., Carlson, C. J., Tesla, B., 
Bonds, M. H., Ngonghala, C. N., Mordecai, E. A., Johnson, L. R., & Murdock, C. C. (2021). Warming temperatures 
could expose more than 1.3 billion new people to Zika virus risk by 2050. Global change biology, 27(1), 84–93. 
https://doi.org/10.1111/gcb.15384. CC license: 5987850858493 
 

1.3 Clinical manifestations and pathophysiology of Zika virus infection 

As discussed above, most ZIKV infections are mild or asymptomatic. Those with mild 

disease usually exhibit fever, rash, arthralgia, myalgia, and conjunctivitis and recover without 

complications [3]. However, when complications do occur, they can be severe. For example, 

ZIKV is a trigger for Guillain-Barré syndrome, which occurs in 2 to 3 cases per 10,000 ZIKV 
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infections [3]. Guillain-Barré is an acute immune-mediated polyneuropathy that disrupts motor 

function. Guillain-Barré is the leading global cause of non-traumatic paralysis and tends to occur 

following certain viral infections [25]. The pathophysiology is incompletely understood. It has 

been suggested that since ZIKV directly infects and causes apoptosis of neurons, antigen 

presenting cells that engulf and present proteins from these infected neurons will trigger high 

levels of autoantibodies against neuronal proteins (specifically gangliosides) [25]. 

ZIKV infection poses a particularly high risk during pregnancy (Figure 1-5). Congenital 

Zika syndrome is a spectrum of developmental defects that may appear in infants born to 

someone infected with the virus during pregnancy, and includes microcephaly in addition to 

other brain and skull abnormalities, ocular manifestations, seizures, vision loss, hearing loss, 

movement abnormalities, and various other symptoms related to disrupted central nervous 

system development [3]. Vertical transmission occurs in 20-30% of pregnant people infected 

with ZIKV, and of those infected fetuses, congenital Zika syndrome occurs in 5-14% [3]. The 

risk is highest when infection occurs during the first trimester. We continue to learn about the 

long-term neurological outcomes by following the cohort of infants born during the 2015-2016 

pandemic, as several studies have suggested that neurodevelopmental abnormalities can become 

apparent in the first few years of life even if defects were not present at birth [26-28]. 

Fetal loss occurs in a subset of ZIKV infections during pregnancy. Interestingly, several 

lines of evidence in mice and rhesus macaque infection models suggest that African-lineage 

ZIKV strains are more pathogenic to the developing fetus, tending to cause a high proportion of 

silent miscarriages rather than live births with visible developmental abnormalities associated 

with Asian and American strains [29-31]. This suggests that the apparent reduction in ZIKV’s 
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pathogenicity in its evolution from African-lineage to Asian- and American-lineage strains may 

have paradoxically opened our eyes to its propensity to cause severe birth outcomes. 

 

Figure 1-5. Estimated proportions of different clinical outcomes following ZIKV infection in pregnancy. 
Reproduced with permission from Musso, D., Ko, A. I., & Baud, D. (2019). Zika Virus Infection - After the 
Pandemic. The New England Journal of Medicine, 381(15), 1444–1457. https://doi.org/10.1056/NEJMra1808246. 
Copyright Massachusetts Medical Society. 
 

1.4 Zika virus life cycle 

The ZIKV genome is ~11kb and contains a single open reading frame (ORF) encoding a 

polyprotein that is subsequently cleaved into 10 proteins by host and viral proteases (Figure 1-6). 

The ORF is flanked by two untranslated regions (UTRs). The main functions of ZIKV’s three 

structural and seven non-structural proteins are described in Table 1-1 [33-36]. 
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Figure 1-6. Organization of ZIKV’s genome. 
Figure shows the organization of ZIKV’s genome and sites of processing by host and viral proteases. Figure from: 
Metzler, A.D. & Tang, H. (2024). Zika Virus Neuropathogenesis—Research and Understanding. Pathogens, 13(7), 
555. https://doi.org/10.3390/pathogens13070555.  
 
Structural proteins 
Premembrane 
(prM) 

With E protein, makes up the outer membrane of the virion. Host furin-like 
proteases cleave prM into mature membrane (M) in the acidic environment 
of the trans-Golgi network, yielding the mature and fully infectious virion. 

Envelope (E) Class II fusion protein. With prM/M, makes up the outer membrane of the 
virion. Facilitates fusion with the host membrane. Major target of 
neutralizing antibodies.  

Capsid (C) Binds and encapsulates viral genomic RNA. 
Non-structural proteins 
NS1 Essential for RNA replication (remodels the ER membrane). Secreted NS1 in 

the bloodstream is essential for infectivity of mosquitoes during a blood 
meal. Capable of binding endothelial cells and causing vascular dysfunction 
in the umbilical vein and brain endothelium, contributing to severe disease.  

NS2A Involved in assembly of viral replication complexes. 
NS2B Involved in assembly of viral replication complexes. Cofactor for NS3. 

NS3 N-terminus is a protease that helps to process the viral polyprotein after 
translation. C-terminus is a helicase that separates the daughter strand from 
the template strand during viral genome replication 

NS4A Involved in RNA replication. Cofactor for NS3. 
NS4B Involved in RNA replication. 
NS5 RNA-dependent RNA polymerase. Has methyltransferase activity to add 5’ 

cap on viral mRNA to mimic host mRNA. 
Table 1-1. ZIKV proteins and their functions. 
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ZIKV binds a target cell by interacting with host attachment factors such as DC-SIGN, 

TIM-1, and members of the TAM family. The presence of these host factors increases the 

efficiency of ZIKV binding and infection, but they are not receptors in the traditional sense; i.e., 

they are not strictly required for infection as they do not induce necessary conformational 

changes in the virus, but rather increase the likelihood of viral entry by clathrin-mediated 

endocytosis [36,37]. pH-dependent fusion between the viral and endosomal membrane results in 

release of the genomic RNA into the host cell cytoplasm. On the ER membrane, the positive-

sense RNA is translated into a polyprotein and cleaved by the NS3 viral protease and host 

proteases to yield the 10 ZIKV proteins (Table 1-1). Accumulation of viral proteins is thought to 

stimulate a shift from translation to replication of the viral RNA [36,37]. The non-structural 

proteins contribute to remodeling of the ER membrane, forming replication organelles where 

double-stranded RNA genomes are synthesized. These invaginations in the ER membrane help 

to shield the replicating virus from detection by the host innate immune system and increase the 

local concentration of viral components. Immature virions bud from the ER and move through 

the trans-Golgi network, where the acidic environment triggers prM cleavage and maturation of 

the virion, which is released from the cell by exocytosis. The steps of the ZIKV replication cycle 

are summarized in Figure 1-7. 



 13 

 
 
Figure 1-7. The flavivirus replication cycle. 
Figure from: Pierson, T.C., Diamond, M.S.  (2020). The continued threat of emerging flaviviruses. Nature 
Microbiology, 5, 796–812. https://doi.org/10.1038/s41564-020-0714-0. CC license: 5987851452067 

1.5 The type I interferon response 

The type I interferon (IFN) response is an arm of the vertebrate innate immune system 

that provides a defense system against all viruses, including ZIKV. It constitutes an extremely 

rapid response to infection that helps to curb the initial spread of the virus. Human cells detect 

viral infection through specific pattern recognition receptors (PRRs), including the endosomal 
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toll-like receptors 3 (TLR3) and 7 (TLR7), the cytoplasmic RIG-like receptors RIG-I and 

MDA5, and the cGAS-STING pathway [38]. Virus detection by these PRRs sets off signaling 

pathways that converge on the phosphorylation of transcription factors IRF3 and IRF7, which 

then bind to the promoters of IFN genes, causing their transcription and translation. IFN is 

released from the cell and binds its cell-surface receptor in an autocrine and paracrine fashion, 

setting off an intracellular signaling pathway that sets up antiviral defense systems in the target 

cell. 

The major type I IFNs in humans are IFN-β and the 13 IFN-α subtypes; there are, in 

addition, the lesser-studied IFN-ɛ, IFN-κ, and various other IFN genes. IFN-α and IFN-β are the 

best-studied and most broadly expressed subtypes [39], and of these, IFN-β is often considered 

the “primary” type I IFN for its exceptionally strong affinity for the type I IFN receptor [40]. The 

other major classes of IFN are type II and III IFNs, and they signal through distinct receptors 

from type I IFN and from each other. Type II IFN (IFN-γ) is proinflammatory and has 

immunomodulatory properties that are quite distinct from type I IFNs. Type III IFN (IFN-λ) is 

expressed exclusively at epithelial barriers and exerts similar antiviral effects to the type I IFNs, 

though with less potency [41]. 

The heterodimeric type I IFN receptor, composed of IFNAR1 and IFNAR2 subunits, is a 

transmembrane receptor that is expressed by nearly all cells in the human body. The intracellular 

tails of the receptor subunits are associated with the JAK tyrosine kinases JAK1 and TYK2. In 

the canonical type I IFN signaling pathway (Figure 1-8), binding of IFN to the receptor triggers 

the auto-phosphorylation of JAK1 and TYK2, leading to the phosphorylation of the intracellular 

tails of the IFNAR receptor subunits, which promotes the recruitment of STAT1 and STAT2. 

STAT1/2 are phosphorylated by JAK1 and TYK2, and the phospho-STAT1/phospho-STAT2 
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complex comes together with IRF9, forming a complex known as IFN-stimulated gene factor 3 

(ISGF3). The ISGF3 complex translocates to the nucleus and binds conserved sequence motifs 

called IFN-stimulated response elements (ISREs) in gene promoters. The genes that are 

upregulated in response to ISRE binding are collectively referred to as IFN-stimulated genes 

(ISGs) [39,42]. 

 
Figure 1-8. The canonical type I interferon signaling pathway. 
Created using BioRender. 
 

Hundreds of ISGs with diverse functions are upregulated in response to IFN, and their 

collective action creates an antiviral state that protects the cell from infection [43]. The 

upregulation of ISGs is non-specific (i.e., all ISGs are upregulated regardless of which virus in 

infecting the cell), but there is specificity in which ISGs contribute to inhibition of which 

pathogens (Figure 1-8) as some ISGs have evolved to directly inhibit the replication cycle of a 

certain pathogen. For example, TRIM5 is a well-characterized ISG that is specific for 

retroviruses, due to its direct recognition and destabilization of the retroviral core through 
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interactions with capsid protein assemblies (CA) [44]. Other antiviral ISGs have mechanisms 

that make them less specific; for example, the oligoadenylate (OAS) enzymes recognize double-

stranded RNA (generated during genome replication by diverse viruses) and activate RNase L to 

non-specifically degrade RNA. Due to its widely applicable mechanism, OAS enzymes restrict 

viruses across diverse families [45,46]. In addition to direct viral inhibitors, ISGs also include 

positive regulators of IFN signaling such as STAT1/2, which both regulate and are regulated by 

IFN, and the pattern recognition receptors MDA5 and RIG-I, as well as the negative regulators 

SOCS and USP18 [43]. 

1.6 Interactions between the human type I interferon response and Zika virus 

The IFN response is active against ZIKV infection, as evidenced by extensive in vitro 

data on IFN’s potent effect against ZIKV [47-49] and the fact that mouse models of ZIKV 

pathogenesis require ablation of IFN signaling for productive infection [50-52]. Several studies 

have revealed some of the ISGs that contribute to IFN-mediated restriction of ZIKV. The ISGs 

that show evidence of inhibiting ZIKV replication include IFI6 [53,54], Viperin [55,56], 

PARP11 and PARP12 [57,58], the IFITMs [59-61], ISG15 [62,63], ISG20 [64], SAT1 [65], 

cholesterol-25-hydroxylase [66], XAF1 [67], Shiftless (C19orf66) [68,69], SERTAD3 [70], 

Schlafen 11 [71], TRIM22 [72], and CMPK2 [73]. While these studies have greatly improved 

our understanding of how type I IFN restricts ZIKV, knowledge gaps remain. Most notably, 

almost all of the genes listed above were chosen for study based on existing knowledge of their 

role as viral restriction factors rather than unbiased systematic screening. Additionally, some of 

these ZIKV-restricting host genes were identified through overexpression studies [54,74], which 

may limit the biological relevance of the results, and has resulted in some findings not being 

reproducible. This was demonstrated for IFITM3, which was shown in overexpression studies to 
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inhibit ZIKV but did not have an effect when knocked out or expressed at endogenous levels 

[47].  

One prior study performed a knockdown screen in microglial cells by repurposing a small 

siRNA library of 386 genes that was enriched for ISGs [75]. In addition to identifying some 

ISGs that modulate ZIKV infection, this study also unexpectedly identified a non-ISG, MTA2, 

that appears to contribute to type I IFN restriction of ZIKV. This finding suggests that the focus 

on ISGs alone may be limiting, as non-ISGs can also contribute to type I IFN restriction of 

ZIKV. A better understanding of the larger milieu of genes relevant to IFN-mediated restriction 

of ZIKV, including ISGs and non-ISGs alike, would improve our understanding of ZIKV host-

pathogen interactions and inform drug development. 

While vertebrate evolution has clearly resulted in a robust type I IFN response against 

viruses including ZIKV, so too has ZIKV developed a plethora of ways to antagonize host 

immunity through both passive and active mechanisms. For example, ZIKV NS5 encodes a 

methyltransferase that adds a methyl group to the 5' viral mRNA cap. This prevents IFIT protein 

family members, antiviral ISGs that bind and sequester uncapped viral RNA, from recognizing 

ZIKV mRNA as foreign [76]. Another passive method used by ZIKV and other flaviviruses is 

the sequestration of their dsRNA replication intermediates in virus-induced replication organelles 

in the endoplasmic reticulum membrane, where they are shielded from detection by the innate 

immune system. Each of ZIKV’s non-structural proteins have also evolved secondary roles that 

actively target various steps upstream of type I IFN transcription in order to reduce IFN 

production [77-79]. In addition, downstream of type I IFN production, ZIKV NS5 binds and 

targets human STAT2 for degradation [80]. 
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Despite this multifaceted approach to type I IFN antagonism, the type I IFN response still 

effectively restricts ZIKV in vivo, as supported by the fact that mutations in TLR3 and TLR7 are 

associated with more severe clinical outcomes in ZIKV-infected newborn humans, suggesting 

that successful triggering of IFN production has an antiviral role within the human immune 

response to ZIKV infection [81,82]. Additionally, ablation of IFN signaling in mouse models 

drastically increases ZIKV pathogenesis, and intact IFN signaling specifically at the placenta has 

been shown to restrict ZIKV infection and improve outcomes for both mother and fetus [83]. 

Thus, understanding the mechanisms used by both sides of the host-virus arms race that is 

ongoing between the human type I interferon response and ZIKV will be informative, with the 

goal of leveraging those findings to tip the balance further in favor of a potent type I IFN 

response and target ZIKV therapeutically.  

1.7 The role of unphosphorylated STAT1 in the type I IFN response 

One aspect of the type I IFN signaling pathway of particular relevance to this thesis is the 

role of unphosphorylated STAT proteins, and particularly unphosphorylated STAT1 (U-STAT1) 

in the type I IFN response. Unphosphorylated STAT proteins were historically considered to be 

latent transcription factors that awaited IFN stimulation in the cytoplasm to undergo 

phosphorylation and formation of the activating nuclear complex (ISGF3). This view held that 

they had no functional activity of their own, absent phosphorylation. Now, it is understood that 

U-STAT1 and unphosphorylated STAT2 (U-STAT2) can interact with IRF9, translocate to the 

nucleus, and mediate expression of a subset of the genes stimulated by ISGF3 (Figure 1-9). 

Because STAT1 and STAT2 are themselves target genes of ISGF3, the levels of the 

unphosphorylated proteins increase in cells in the days following type I IFN treatment. U-STAT1 

and U-STAT2 therefore prolong the expression of certain interferon-induced genes long after the 
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phosphorylated forms that promoted their expression have become undetectable, contributing to 

a continued antiviral state that lasts for days after resolution of the acute response to type I IFN 

mediated by phosphorylated STAT1 and STAT2 [84,85]. 

Although the U-STAT proteins contribute to the antiviral state conferred by type I IFN, 

their expression can also, somewhat paradoxically, cause reduced responsiveness of cells to type 

I IFN (Figure 1-9). For example, hepatitis C virus (HCV)-infected livers exhibit constitutive 

expression of U-STAT1 and the ISGs induced by U-STAT1, and high levels of these basal ISGs 

correlate with poor responses to IFN-α, which until recently was a first-line treatment for chronic 

HCV [86,87]. This phenomenon may occur because some of the ISGs upregulated by U-STAT1 

are negative regulators of IFN signaling. One study extended this observation mechanistically to 

show that exogenous overexpression of U-STAT1 in hepatic cells caused reduced activation of 

STAT1 and STAT2 upon IFN-α treatment, and the extent of the reduction correlated with the 

length of time that U-STAT1 was overexpressed prior to IFN treatment [87]. Specifically, 

STAT1 and STAT2 phosphorylation and ISRE reporter activity were all decreased [87]. In a 

similar vein, long-term priming of cells with low doses of IFNs causes reduced activation of the 

STAT proteins in response to type I IFN treatment (several examples are reviewed in [88]). 

Importantly, various studies suggest that the role of U-STAT1 in IFN signaling and pathogen 

restriction may be cell type- and/or pathogen-specific. 

1.8 Goals for this thesis 

The overall goal of this thesis was to identify and characterize host genes contributing to 

the type I IFN response to ZIKV using large-scale screening and a loss-of-function approach. 

Chapter 2 will describe the results of a large CRISPR screen to identify human genes that 

contribute to type I IFN-mediated restriction of ZIKV. Specifically, I report the identification of 
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a new antiviral gene, AMOTL2, that improves type I IFN restriction of ZIKV through an effect 

on U-STAT1 levels and STAT1 activation in the IFN signaling pathway. Chapter 3 will discuss 

the implications and future directions related to this work.  

 

Figure 1-9. Roles for unphosphorylated STAT1 (U-STAT1) in the type I IFN response. 
Created using BioRender. 
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Chapter 2 A novel antiviral function of AMOTL2 enhances the human type I 
interferon response against Zika virus 
 
This chapter has been modified slightly from the following manuscript: 

Willcox, A. C., Gobillot, T.A., Kikawa, C., Baumgarten, N., Stoddard, C.I., Sung, K., Marceau, J., Humes, D., and 
Overbaugh, J. (2025). A novel antiviral function of AMOTL2 enhances the human type I interferon response against 
Zika virus. In preparation. 
 

2.1 Abstract 

Zika virus (ZIKV) has caused multiple human outbreaks, with more recent epidemics 

associated with severe outcomes in infants. Today, ZIKV is endemic to many countries and 

presents a persistent threat for future epidemics. The host innate immune proteins that regulate 

ZIKV replication are incompletely defined. We developed a CRISPR knockout screen to identify 

host factors that impact ZIKV replication, resulting in the discovery of angiomotin-like protein 2 

(AMOTL2), a protein that inhibits ZIKV by regulating the host type I interferon (IFN) response. 

AMOTL2 affects type I IFN signaling by modulating STAT1 levels and activation in response to 

type I IFN. Thus, AMOTL2, which has largely been studied for its role in cancer, represents a 

novel antiviral protein that interacts with the IFN signaling pathway to promote downstream 

expression of IFN stimulated genes, resulting in restriction of ZIKV. 

2.2 Introduction 

Zika virus (ZIKV) is a mosquito-borne flavivirus that was first discovered in a rhesus 

monkey in Uganda in 1947 [4]. While ZIKV caused several human outbreaks in the 20th century, 

the burden of disease appeared to be limited until ZIKV’s emergence in the 21st century in the 

Pacific Islands (2007-2015) and South America (2015-2016) [2]. In 2016 alone, there were over 

500,000 suspected symptomatic cases of ZIKV across the Americas [89]. Though ZIKV 

infection is usually mild or asymptomatic, it was discovered during the 2016 outbreak that ZIKV 
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can cause microcephaly and other serious developmental anomalies in prenatal infections [90]. 

Furthermore, ZIKV can be a trigger for Guillain-Barre syndrome, an autoimmune-mediated 

paralysis that can cause chronic neurologic impairment [91,92]. Today, ZIKV remains endemic 

to the Americas, where population-level immunity from the 2015-2016 outbreak is thought to be 

preventing larger outbreaks [3,21]. ZIKV outbreaks occur sporadically in India [18], and there is 

evidence that ZIKV circulates at low levels in regions of Africa where the host mosquito vector 

is present [2,19,20], potentially providing a reservoir for future outbreaks. Thus, ZIKV remains a 

serious threat to global public health. 

  Type I interferons (IFNs) are crucial mediators of the innate immune response against 

viruses, including ZIKV. Type I IFNs, including IFN-α and IFN-β, are cytokines that are 

released from infected cells upon detection of virus. They bind to the ubiquitously expressed 

IFNAR1 and IFNAR2 receptor subunits in an autocrine and paracrine response, resulting in 

receptor dimerization, autophosphorylation of associated JAK tyrosine kinases, and 

phosphorylation and activation of STAT1 and STAT2 proteins. Activated STAT1 and STAT2 

form a complex with IRF9 to make IFN-stimulated gene factor 3 (ISGF3), which translocates to 

the nucleus to bind IFN-stimulated response elements (ISREs) in gene promoter regions, 

resulting in the transcription of hundreds of IFN-stimulated genes (ISGs) [93]. A subset of these 

ISGs encodes proteins that act in diverse ways to limit viral replication, with many ISGs having 

evolved specificity to certain viruses [39]. Many ISGs that directly inhibit viral proteins have 

been described [39]. In addition, given the central role of type I IFN in regulating an antiviral 

state, any host genes that modulate IFN signaling also have the potential to exert a potent effect 

on viral replication by broadly affecting the expression of some or all antiviral ISGs. 
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  The type I IFN response effectively inhibits ZIKV infection, as evidenced by extensive in 

vitro data on IFN’s potent effect against ZIKV [47-49] and the fact that mouse models of ZIKV 

pathogenesis require ablation of IFN signaling for productive infection [50-52]. Additionally, 

polymorphisms in toll-like receptors 3 and 7, which normally trigger IFN production, are 

associated with severe clinical outcomes in ZIKV-infected newborn humans [81,82]. Several 

studies have characterized ISGs that block ZIKV [53-63,65,66,68], but only one loss-of-function 

screen has been performed to identify the larger milieu of host factors that contribute to type I 

IFN inhibition of ZIKV [75].  

In this study, we performed a CRISPR knockout screen to identify genes important to 

type I IFN-mediated restriction of ZIKV. Our screen results validated a known flavivirus 

restriction factor, IFI6, as an antiviral ISG with activity against ZIKV. We also identified a gene, 

AMOTL2, that is constitutively expressed yet possesses antiviral activity against ZIKV only 

when cells are treated with IFN-β. AMOTL2 is known to be involved in angiogenesis, tight 

junction formation, cell polarity, the actin cytoskeleton, and regulation of Hippo signaling [94], 

but has no described role in innate immunity. We found that AMOTL2 modulates total STAT1 

levels, resulting in enhanced nuclear translocation of phosphorylated STAT1 and heightened ISG 

transcription. AMOTL2 thus represents a novel host factor contributing to restriction of ZIKV. 

2.3 Development of a CRISPR screen based on ZIKV-induced cell death 

We optimized a CRISPR knockout screen to identify genes contributing to IFN-β 

restriction of ZIKV. A549 epithelial cells were selected because they are highly susceptible to 

IFN-induced inhibition of ZIKV [47]. We repurposed the previously described PIKA CRISPR 

library of single guide RNAs (sgRNAs) targeting 1,905 putative ISGs identified in diverse cell 

types [95], including genes identified using microarray data from IFN-stimulated A549 cells 
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[96]. To further verify that ISGs in A549 cells are well represented in the library, we performed 

bulk RNA-Seq on A549 cells stimulated with IFN-β for 24 hours. Comparison with genes 

upregulated at least 4-fold upon IFN-β stimulation of A549 cells indicated that the library 

contains sgRNAs targeting 84% of these genes (n=174). Thus, the library is enriched for ISGs of 

interest, but also includes many other genes that are not significantly upregulated by IFN-β in 

A549 cells (Fig 2-1A). This afforded the potential to identify both ISGs and non-ISGs that 

contribute to IFN-β restriction of ZIKV.  

 

Figure 2-1. Development of a CRISPR knockout screen to identify antiviral genes against ZIKV based on 
ZIKV-induced cell death. 
(A) Overlap between genes in the PIKA library and genes upregulated at least 4-fold by 24 hours of IFN-β treatment 
in A549 cells. (B) Schematic of CRISPR screen method. (C) CRISPR screen results from two independent 
replicates. Gene-level MAGeCK enrichment scores were correlated between screen replicates. The dotted lines 
indicate the most-enriched NTC sgRNA in each screen. 
 

Because ZIKV infection causes apoptosis in A549 cells [48], we leveraged ZIKV-

induced apoptotic cell death to detect cells that were permissive to ZIKV infection in the 



 25 

presence of IFN-β. We hypothesized that if a ZIKV antiviral gene was inactivated, it would be 

enriched in a population of IFN-treated, ZIKV-infected dead cells, which would be no longer 

adherent. To define the optimal window to capture dying cells in the supernatant, untreated and 

IFN-β-treated A549 KO library cells (A549 cells transduced with the PIKA library) were 

infected with ZIKV and stained with Annexin-V every 6 hours from 24 to 48 hours post 

infection (hpi) (Fig S1). This approach was based on prior studies using Annexin-V, which labels 

apoptotic cells by binding to phosphatidylserine present on the outer leaflet of dead and dying 

cell membranes, to detect A549 and neural progenitor cells succumbing to DENV- and ZIKV-

induced cell death, respectively [97,98]. We observed that ZIKV infection caused an appreciable 

increase in Annexin-V+ cells in the supernatant after ~30 hours of infection in the absence of 

IFN treatment. By contrast, cells pre-treated with IFN-β showed similar levels of dead cells as in 

non-infected cells, consistent with the protective effect of IFN-β on ZIKV replication (Fig S1). 

From these data, we chose 42 hpi to conduct the CRISPR screen, as the level of ZIKV-induced 

cell death was clearly above (by ~3-fold) the IFN-treated and uninfected conditions. This would 

allow us to maximize our chances of detecting cells that preferentially succumbed to ZIKV-

induced cell death due to inactivation of antiviral genes important in restricting ZIKV. 

2.4 CRISPR knockout screen reveals candidate genes that contribute to IFN-β restriction 

of ZIKV 

With conditions optimized for a ZIKV-induced cell death-based screen readout, we 

performed CRISPR screens with the A549 KO library cells. Cells were pre-treated with IFN-β 

for 24 hours prior to ZIKV infection, followed by replenishment with IFN-β-containing media. 

In parallel, we included a control condition of A549 KO library cells that were IFN-treated but 

uninfected to account for cell death from factors other than ZIKV infection. The supernatant 
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from each condition was collected at 42 hpi and pelleted to collect dead/dying cells. Enriched 

CRISPR-targeted genes in ZIKV-infected, IFN-treated dead/dying cells were detected by 

sequencing the sgRNAs and comparing to the sgRNAs detected in the uninfected, IFN-treated 

dead/dying cells (Fig 2-1B). sgRNAs targeting members of the type I IFN signaling pathway 

(IFNAR1, STAT1/2, IRF9), included in the PIKA library as positive controls, were the most 

enriched in two independent replicates of the screen (Fig 2-1C), confirming that this method can 

successfully identify genes that are critical for IFN-β restriction of ZIKV. Apart from these 

controls, 11 other genes fell above the most-enriched non-targeting control sgRNA (NTC) (Fig 

2-1C, Table S1). Of these 11 hits, only one is a previously identified ZIKV restriction factor 

(IFI6) [53,54].  

2.5 IFI6 and AMOTL2 validate as antiviral genes in out-of-screen experiments 

A subset of six of the 11 hits identified in the screen were selected for validation 

experiments in single-gene KO cells based on both their enrichment score and published data 

that might support their antiviral potential. IFI6 was tested to determine if its inactivation caused 

reduced IFN inhibition of ZIKV in our system, as suggested by previous studies that were largely 

based on overexpression experiments [53,54]. The top hit, AMOTL2, was chosen for follow-up 

based on its large effect size in the screen (Fig 2-1C). In addition to AMOTL2 and IFI6, the 

genes HELZ2, GBP3, and BTN3A1 were also selected for follow-up studies based on their 

known roles in restricting other viruses [99-102].  Finally, the gene RMI2 was included because 

a prior study showed that IFN-α treatment causes an increase in RMI2 mRNA expression, 

suggesting RMI2 may play a role in the type I IFN response [103]. Inactivation of IRF9 was 

performed as a positive control, and a non-targeting control (NTC) sgRNA was included as a 

negative control. For each of these six genes and two controls, single-gene KO cell pools were 
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generated by lentiviral transduction. Knockout was assessed by Synthego’s Inference of CRISPR 

Edits (ICE) tool, which predicted at least 60% functional KO of each gene (see Figure 2 legend). 

The single-gene KO cells were pre-treated with or without IFN-β prior to infection with ZIKV, 

which was quantified as ZIKV RNA in the cell supernatant [104]. Viral RNA measurements 

quantified using this assay correlate closely with levels of infectious virus as measured by 

TCID50 (Fig S2).  

IFN-treated IRF9 KO cells showed levels of ZIKV replication identical to those in cells 

that were not treated with IFN, demonstrating complete ablation of IFN restriction of ZIKV (Fig 

2-2A). Both AMOTL2 KO and IFI6 KO increased ZIKV infection in the presence of IFN-β, and 

these differences were evident throughout a 72-hour time course of infection (Fig 2-2B,C). At 72 

hours post infection in IFN-β treated cells, ZIKV infection was increased by 49-fold in IRF9 KO 

cells, 6.7-fold in IFI6 KO cells, and 3.9-fold in AMOTL2 KO cells relative to IFN-treated NTC 

cells (Fig 2-2H). None of these KOs showed any considerable difference in ZIKV replication 

from NTC cells in the absence of IFN (Fig 2-2A-C, H), demonstrating an IFN-dependent effect. 

We observed a small effect with HELZ2 KO (Fig 2-2D, H), which increased ZIKV infection by 

2.2-fold in IFN-treated cells while having no effect in the absence of IFN-β (Fig 2-2H). GBP3, 

RMI2, and BTN3A1 KO had less than two-fold average effects on ZIKV RNA levels with or 

without IFN-β treatment (Fig 2-2E-H). 
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Figure 2-2. Validation experiments on selected CRISPR screen hits confirm role of AMOTL2 and IFI6 in 
type I IFN restriction of ZIKV. 
(A-G) Each indicated gene KO was tested in ZIKV infection experiments in at least three independent replicates; a 
representative experiment is shown for each KO condition. Cells were pre-treated with or without 1000U/mL IFN-β 
for 24 hours, inoculated with ZIKV PRVABC59 MOI=0.5 for four hours, and replenished with appropriate media 
(IFN- closed symbols; or IFN+ open symbols). Cell supernatant was collected at multiple time points throughout a 
72-hour infection and tested by RT-qPCR for ZIKV RNA levels. (H) Aggregate data for three independent 
experiments using a single cell pool with each indicated gene KO. ZIKV infection is portrayed relative to the values 
in IFN-treated or IFN-untreated NTC cells. For IFI6, two different cell pools were used. The KO scores (Synthego 
ICE analysis) are as follows: IRF9, 77; IFI6, 61 and 95; AMOTL2, 100; HELZ2, 96; GBP3, 88; RMI2, 100; 
BTN3A1, 100. 
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2.6 AMOTL2 contributes to IFN-β restriction of ZIKV 

Because AMOTL2 had a statistically significant effect on ZIKV replication and it has not 

previously been described to have an antiviral function, we focused on further characterization of 

this gene. To increase our confidence that the phenotype observed was due to AMOTL2 KO, we 

generated two additional AMOTL2 KO cell pools by lentiviral transduction using distinct 

sgRNA sequences and validated the KOs by ICE and/or Western blot, which revealed >90% KO 

by genotyping and/or visible protein depletion by Western (Fig 2-3A). We also generated 

AMOTL2 KO cells by nucleofection of Cas9 and the original AMOTL2 sgRNAs in four 

independent nucleofections and likewise observed visible protein depletion in these cells by 

Western. 

Across 14 independent biological replicates that included these various KO cell pools, 

IFN-treated AMOTL2 KO cells had an average of 5.7-fold higher ZIKV RNA levels at 72 hours 

post infection compared to IFN-treated NTC cells (p=0.0027, Fig 2-3B). Of note, AMOTL2 KO 

did not significantly change ZIKV RNA levels in the absence of IFN-β treatment (Fig 2-3B). In 

the presence of IFN-β, the effect of AMOTL2 KO did not reach the effect of IRF9 KO (127-fold 

increase in ZIKV RNA, p<0.0001, Fig 2-3B), suggesting that AMOTL2 contributes a portion of 

the IFN restrictive effect against ZIKV. 

To further validate this phenotype, we complemented the AMOTL2 KO cells with a stably 

expressed AMOTL2 expression vector and confirmed reconstitution of AMOTL2 protein by 

Western blot (Fig 2-3C). Relative to complementation with a control open reading frame (ORF 

stuffer), AMOTL2 complementation resulted in an 8.1-fold decrease in ZIKV infection in the 

presence of IFN-β at 72 hours post infection (p=0.0286, Fig 2-3D-E). We also observed a very 

small (1.3-fold average) increase in infection in the AMOTL2 KO cells in the absence of IFN-β 
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(p=0.0286, Fig 2-3D-E). Overall, the direction of the phenotype observed with AMOTL2 

complementation in IFN-treated cells is opposite what we observed with AMOTL2 KO, further 

supporting a role for AMOTL2 as a protein that contributes to the type I IFN response against 

ZIKV. 

 

 

Figure 2-3. AMOTL2 contributes to IFN-β restriction of ZIKV. 
(A) Western blot showing AMOTL2 protein reduction in three AMOTL2 KO cell pools generated using different 
sgRNAs. The antibody cross-reacts with an unknown protein that is slightly smaller than AMOTL2. (B) Aggregate 
data from ZIKV infection experiments with and without IFN-β treatment in IRF9 KO and AMOTL2 KO cells. Data 
are normalized to NTC cells. Data include the three AMOTL2 KO cell pools generated by lentiviral transduction 
shown in (A), as well as four replicates of AMOTL2 KO cells generated by Cas9 RNP nucleofection (indicated by 
diamonds), for a total of 14 biological replicates. p values are Kruskal-Wallis test with Dunn’s multiple comparisons 
comparing NTC cells to each KO, using separate tests for the IFN- and IFN+ conditions. (C) Western blot showing 
AMOTL2 protein levels in two AMOTL2 KO cell pools generated using different sgRNAs, as well as in the cells 
complemented with ORF stuffer or AMOTL2 expression vectors. (D) Representative ZIKV infection experiment 
with and without IFN-β treatment in AMOTL2 KO cells complemented with AMOTL2. Cells were pre-treated with 
or without 1000U/mL IFN-β for 24 hours, inoculated with ZIKV PRVABC59 MOI=0.5 for four hours, and 
replenished with appropriate media (IFN- or IFN+). Cell supernatant was collected at multiple time points 
throughout a 72-hour infection and tested by RT-qPCR for ZIKV RNA levels. (E) Aggregate data from four 
replicates of the experiment shown in (D). Data are normalized to AMOTL2 KO cells complemented with ORF 
stuffer. p values are Mann-Whitney tests comparing the AMOTL2-complemented cells to the ORF-complemented 
cells for each condition (IFN- or IFN+). P values in this figure are denoted by asterisks as follows: ns = >0.05, * = 
<0.05, ** = <0.01, and **** = <0.0001. 
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2.7 AMOTL2 is a constitutively expressed gene that is associated with enhanced ISG 

expression following IFN-β treatment 

The single-gene KO studies with AMOTL2 demonstrate that it has an IFN-dependent 

effect on ZIKV replication, which would be consistent with AMOTL2 being an ISG. To 

determine if IFN-β regulates AMOTL2 expression in wildtype A549 cells, we examined our 

RNA-Seq data from cells treated with IFN-β for 24 hours, which is the length of time of IFN-β 

pre-treatment in our infection assays. To our surprise, AMOTL2 transcript levels were 

unaffected by IFN-β treatment in A549 cells, suggesting that AMOTL2 was not upregulated at 

the time of infection in this cell type (Fig 2-4A). By contrast, upregulation was readily detected 

for the known ISGs IFIT1, OAS1, and IFITM3, with 25-400 fold upregulation observed for these 

genes in the same experiment (Fig 2-4A). 

Since transcription of many ISGs can occur within hours, we also examined AMOTL2 

transcript levels at an earlier timepoint. For this purpose, we performed RT-qPCR on A549 cells 

treated with IFN-β for nine hours and again saw minimal change in AMOTL2 mRNA levels 

(average 1.3x increase), despite high upregulation of the ISGs IFIT1, GBP1, and Mx1 (700-fold, 

76-fold, and 1150-fold, respectively), which are known to peak quickly following IFN-β 

stimulation based on ISG kinetics experiments (data not shown) (Fig 2-4B). Additionally, 

AMOTL2 protein is detected in non-IFN-treated A549 cells, and the protein levels do not change 

with IFN-β treatment (Fig 2-4C). These findings presented a paradox: that AMOTL2’s antiviral 

phenotype is IFN-dependent, but its expression is not regulated by IFN. We therefore 

hypothesized that AMOTL2 may be interacting with the IFN signaling pathway itself rather than 

serving as a downstream effector. 
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To examine whether AMOTL2 impacts the type I IFN signaling pathway, we measured 

transcript levels of two ISGs highly upregulated by IFN (IFIT1 and Mx1) in AMOTL2 KO cells 

and NTC cells with and without IFN-β treatment. In AMOTL2 KO cells, both genes were 2-fold 

less upregulated by IFN-β treatment compared their level of upregulation in NTC cells 

(p=0.0286 for IFIT1, p=0.0286 for Mx1, Fig 2-4D). To determine whether other ISGs are also 

affected, we used NanoString nCounter technology to assess the expression of a panel of innate 

immune genes. Of the ten genes on the panel with >10-fold upregulation by IFN-β in unedited 

NTC cells, all were less upregulated by IFN-β in AMOTL2 KO cells compared to NTC cells 

(ranging from 1.3- to 2-fold reduction) (Fig S3). This result supports the hypothesis that 

AMOTL2 KO broadly suppresses upregulation of many ISGs, suggesting that AMOTL2 may 

interact with the type I IFN signaling pathway upstream of ISG transcription to increase ISG 

expression. 
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Figure 2-4. AMOTL2 is a constitutively expressed gene that enhances ISG expression following IFN-β 
treatment. 
(A) Bulk RNA-Seq data showing transcripts per million of each indicated gene in wildtype A549 cells with no IFN 
treatment or with 24 hours of 1000U/mL IFN-β treatment. (B) Upregulation of AMOTL2, IFIT1, GBP1, and Mx1 in 
NTC cells treated with 1000U/mL IFN-β for 9 hours. Data points represent three independent experiments. (C) 
Western blot showing AMOTL2 protein levels in NTC cells with and without 24 hours of 1000U/mL IFN-β 
treatment. (D) RT-qPCR data assessing IFIT1 and Mx1 upregulation in response to 3 hours of 1000U/mL IFN-β 
treatment of AMOTL2 KO cells, relative to NTC cells. Data points represent independent experiments, and shapes 
represent different AMOTL2 KO cell pools. p values are Mann-Whitney test. P values are Mann-Whitney test (* = 
<0.05). 

2.8 AMOTL2 reduces phosphorylation and nuclear translocation of STAT1 and increases 

total STAT1 levels 

We next tested whether AMOTL2 affects specific steps of the IFN signaling pathway, 

beginning with the phosphorylation of STAT1 and STAT2. We detected a lower (1.7-fold) 
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fraction of phosphorylated STAT1 relative to total STAT1 in IFN-stimulated AMOTL2 KO cells 

compared to NTC cells (p=0.0238, Fig 2-5A, representative blot in Fig S4A). In contrast, there 

was no difference in phosphorylated STAT2 levels (Fig S4A,B). We also measured nuclear 

translocation of phosphorylated STAT1 and STAT2, which is a key step leading to ISG 

transcription (Fig 2-5B). Across three independent AMOTL2 KO cell pools, we observed higher 

protein levels of phosphorylated STAT1 in the cytoplasmic fraction of AMOTL2 KO cells 

compared to NTC cells, and a corresponding decrease in the nuclear fraction (Fig 2-5B,C). 

Specifically, there was a statistically significant reduction in the nuclear to cytoplasmic ratio 

(1.8-fold average) of phosphorylated STAT1 in AMOTL2 KO cells following IFN treatment 

compared to NTC cells (p=0.0091, Fig 2-5C). Interestingly, there was no difference in the 

nuclear translocation of phosphorylated STAT2 (Fig S4C,D).  This suggests that AMOTL2 is 

associated with increased phosphorylation and nuclear translocation of STAT1. 

Using a STAT1 antibody that preferentially detects unphosphorylated STAT1 (Cell Signaling 

9176), we detected 2.4-fold higher levels of total, unphosphorylated STAT1 in the cytoplasm of 

AMOTL2 KO cells compared to NTC cells, and this difference existed even before IFN 

treatment (p=0.0091 both with and without IFN treatment, Fig 2-5B,D). There was no difference 

in total STAT2 levels (Fig S4C,E). To determine whether STAT1 transcripts were also elevated 

in the AMOTL2 KO cells, we measured STAT1 mRNA in AMOTL2 KO cells at baseline 

(without IFN treatment) and found 1.6-fold higher levels compared to NTC cells (p<0.0001, Fig 

2-5E). Finally, we performed co-immunoprecipitations of endogenously expressed STAT1 and 

STAT2 and found that AMOTL2 KO had no effect on STAT1/2 binding compared to NTC cells 

(Fig 2-5F,G). Taken together, these results suggest that AMOTL2 is associated with reduced 
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basal STAT1 expression and increased activation of STAT1 upon IFN-β treatment, and thus may 

affect IFN signaling by modulating STAT1 levels and activation. 

 

 

Figure 2-5. AMOTL2 reduces phosphorylation and nuclear translocation of STAT1 and increases total 
STAT1 levels. 
(A) Phosphorylated STAT1 levels relative to total STAT1 levels in whole cell lysates from AMOTL2 KO cell pools 
stimulated with 1000U/mL IFN-β for 1 hour, normalized to NTC cells. Data show three independent replicates. (B) 
Representative western blot on nuclear and cytoplasmic fractions of non-IFN treated and IFN-treated NTC and 
AMOTL2 KO A549 cells. IFN-β treatment was 1000U/mL for 2 hours. The total STAT1 antibody is known to favor 
detection of unphosphorylated STAT1. Lamin A/C is a nuclear marker, and MEK 1/2 is a cytoplasmic marker. (C) 
Nuclear to cytoplasmic ratio of phosphorylated STAT1 for three replicates of the experiment shown in (B), 
normalized to NTC cells. (D) Total cytoplasmic STAT1 levels for three replicates of the experiment shown in (B), 
normalized to NTC cells. (E) STAT1 transcripts in non-IFN-stimulated AMOTL2 KO cells, normalized to NTC 
cells. (F) Co-immunoprecipitation assay using A549 cells treated with IFN-β for 24hr and analyzed by Western blot. 
An anti-STAT1 antibody was used as the capture antibody. (G) Quantification of STAT2 pulldown relative to 
STAT1 pulldown in the STAT1 IP represented in (F) from two independent experiments. In all panels, shapes 
represent different AMOTL2 KO cell pools, open circles represent IFN-treated conditions, closed circles represent 
non-IFN-treated conditions, and p values are Mann-Whitney test.  
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2.9 Identification of AMOTL2 interacting proteins and critical domain for AMOTL2 

antiviral function 

AMOTL2 is known to interact with YAP and TAZ [105,106], transcriptional regulators that 

have been reported to antagonize the innate immune response through several mechanisms [107]. 

We hypothesized that AMOTL2 may exert its antiviral function via this interaction with YAP 

and/or TAZ. To test whether YAP and TAZ affect the type I IFN response against ZIKV in A549 

cells, we generated YAP and TAZ KO A549 cells and validated the KOs by Synthego ICE 

and/or Western blot, which revealed 100% KO by genotyping and/or visible protein depletion by 

Western. Neither gene KO affected ZIKV levels in the absence of IFN treatment (Fig 2-6A-C). 

In the presence of IFN, YAP KO had little if any appreciable effect (1.5-fold reduction in ZIKV 

infection at 72 hours post infection, not significant, Fig 2-6A,C), while TAZ KO caused an 8.7-

fold average reduction in infection at 72 hours (p=0.0011, Fig 2-6B,C), in addition to causing a 

consistent reduction at all earlier time points tested (Fig 2-6B). We therefore focused our 

attention on TAZ. Because the interaction between AMOTL2 and TAZ has not been examined in 

A549 cells, we tested the interaction between the endogenous proteins by co-IP in cells either 

untreated or treated with IFN-β for various lengths of time. Similar levels of AMOTL2 were 

detected in immunoprecipitants using TAZ as bait under all conditions in wildtype cells, 

suggesting that binding between TAZ and AMOTL2 is independent of IFN-β treatment (Fig 2-

6D). 

To test whether TAZ affects AMOTL2’s antiviral activity, we next generated AMOTL2/TAZ 

double KO cells (Fig 2-6E). In ZIKV infection experiments at 72 hours post infection, we 

observed that ZIKV replication in the double KO cells was significantly lower than in the 

AMOTL2 single KO cells (p=0.0448, Fig 2-6F), but not compared to the TAZ single KO cells 
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(Fig 2-6F). This suggests that TAZ’s effect is dominant, which could mean that AMOTL2’s 

antiviral activity is dependent on an interaction with TAZ, or that TAZ’s proviral function occurs 

upstream of AMOTL2’s antiviral function. 

To further explore these possibilities, we expressed a version of AMOTL2 with a mutation in 

the TAZ-binding domain (the PPQY motif at amino acids 210-213 [105]) in AMOTL2 KO cells. 

In parallel, we complemented AMOTL2 KO cells with wildtype AMOTL2, AMOTL2 Y213A 

(ablating the PPQY motif), a control ORF stuffer coding sequence, and several other AMOTL2 

mutation or deletion constructs that disrupt various functional domains of the protein. These 

included AMOTL2 P105A (disrupting AMOTL2’s LPTY motif, responsible for AMOTL2’s 

interaction with MAGI-1 and actin [108,109]), AMOTL2 CCdel (deleting AMOTL2’s coiled-

coil domain, responsible for AMOTL2 homo-oligomerization and localization to tight junctions 

[108]), AMOTL2 PDZdel (deleting AMOTL2’s C-terminal PDZ-binding motif, involved in cell 

polarity and migration [110]), and S159A (removing a serine that is phosphorylated by LATS1/2 

[94]). AMOTL2 protein levels were markedly increased relative to ORF stuffer-complemented 

AMOTL2 KO cells in all the expression constructs save CCdel (a deletion of the amino acids 

314-572) (Fig 2-6G). This is likely because the AMOTL2 antibody was raised against an 

AMOTL2 recombinant protein spanning a region encompassed within the coiled-coil domain 

(amino acids 401-480). Additionally, STAT1 levels were visibly reduced relative to ORF stuffer-

complemented AMOTL2 KO cells in all the expression constructs save CCdel (Fig 2-6G). To 

confirm that the AMOTL2 CCdel cells were expressing AMOTL2, we measured AMOTL2 

mRNA levels by qPCR using primers that bind all of our AMOTL2 constructs, including CCdel. 

All of the AMOTL2-complemented cells including CCdel exhibited ~10-fold higher AMOTL2 
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mRNA levels relative to the ORF stuffer-complemented cells, suggesting that the CCdel-

complemented cells were indeed expressing AMOTL2 (Fig 2-6H). 

Compared to ORF stuffer, complementation with either wildtype AMOTL2 or AMOTL2 

Y213A reduced ZIKV replication measured at 48h and 72h in the presence, but not absence, of 

IFN-β (Fig 2-6I,K). This difference was statistically significant in the IFN-treated cells at 72h in 

four independent replicates (Fig 2-6K, 8.1-fold reduction in ZIKV infection for wildtype, 9.1-

fold reduction in ZIKV infection for Y213A, p<0.05 for both), with no significant difference 

observed in the absence of IFN. By contrast, complementation with AMOTL2 CCdel had no 

effect on ZIKV infection compared to ORF stuffer (Fig 2-6J,K; no significant difference across 

four replicates in the presence or absence of IFN). Complementation with the other AMOTL2 

expression variants (AMOTL2 P105A, AMOTL2 PDZdel, and AMOTL2 S159A) decreased 

ZIKV infection relative to ORF stuffer by 6.8- to 9.4-fold in IFN-treated cells, similar to the 

effect of complementation with wildtype AMOTL2 (Fig 2-6K, p<0.05 for all). Complementation 

with AMOTL2 Y213A, AMOTL2 P105A, and AMOTL2 PDZdel caused small but statistically 

significant increases in ZIKV infection in the absence of IFN (1.4-fold, p<0.05 for all, Fig 2-6K). 

These results suggest that TAZ binding is not required for AMOTL2’s antiviral activity, and that 

AMOTL2’s antiviral mechanism does not likely act via TAZ. Furthermore, AMOTL2’s coiled-

coil domain is essential for its antiviral phenotype. 
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Figure 2-6. Identification of AMOTL2 interacting proteins and critical domain for AMOTL2 antiviral 
function. 
(A,B) Representative ZIKV infection experiments with and without IFN-β treatment in YAP KO (A) and TAZ KO 
(B) cells. Cells were pre-treated with or without 1000U/mL IFN-β for 24 hours, inoculated with ZIKV PRVABC59 
MOI=0.5 for four hours, and replenished with appropriate media (IFN- or IFN+). Cell supernatant was collected at 
multiple time points throughout a 72-hour infection and tested by RT-qPCR for ZIKV RNA levels. (C) Aggregate 
data from at least three independent replicates of the experiments shown in (A) and (B). YAP KO cells were 
generated by lentiviral transduction, and TAZ KO cells were generated by lentiviral transduction or Cas9 RNP 
nucleofection (the latter indicated by diamonds). Data are normalized to NTC KO cells. p values are Kruskal-Wallis 
with Dunn’s multiple comparisons comparing NTC KO cells to each KO, with separate tests performed for IFN- and 
IFN+ conditions. (D) Co-immunoprecipitation assay using A549 cells treated with IFN-β for 0hr, 5hr, 18hr, or 24hr 
and analyzed by Western blot. An anti-TAZ antibody was used as the capture antibody. (E) Western blot showing 
AMOTL2 and TAZ protein levels in single-gene and double-gene KO cells used in infection assays in (F). GAPDH 
is a loading control. (F) Aggregate data from at least four independent replicates of IFN treatment and ZIKV 
infection assays using the AMOTL2 and TAZ double KO cells. Data are normalized to NTC cells. p values are 
Kruskal-Wallis with Dunn’s multiple comparisons comparing IFN-treated AMOTL2/TAZ double KO cells to IFN-
treated AMOTL2 single KO and IFN-treated TAZ single KO cells. (G) Western blot showing AMOTL2 and STAT1 
levels in AMOTL2 KO cells complemented with AMOTL2 expression vectors or ORF stuffer. (H) AMOTL2 
transcripts in the panel of AMOTL2-complemented AMOTL2 KO cells, relative to AMOTL2 transcript expression 
in ORF stuffer-complemented AMOTL2 KO cells. (I-J) Representative ZIKV infection experiments with and 
without IFN-β treatment in AMOTL2 KO cells complemented with AMOTL2 Y213A (I) and AMOTL2 CCdel (J), 
compared to cells complemented with ORF stuffer and cells complemented with wildtype AMOTL2. Cells were 
pre-treated with or without 1000U/mL IFN-β for 24 hours, inoculated with ZIKV PRVABC59 MOI=0.5 for four 
hours, and replenished with appropriate media (IFN- or IFN+). Cell supernatant was collected at multiple time 
points throughout a 72-hour infection and tested by RT-qPCR for ZIKV RNA levels. (K) Aggregate data from four 
independent replicates of the experiments shown in (I-J) in addition to data from other AMOTL2 expression 
constructs not shown in (I-J). Shapes represent different AMOTL2 KO cells that were transduced with the 
expression vectors. Data are normalized to ORF stuffer-complemented AMOTL2 KO cells. p values are Kruskal-
Wallis with uncorrected Dunn’s test comparing ORF stuffer cells to each AMOTL2-complemented cell pool, with 
separate tests performed for IFN- and IFN+ conditions. P values in this figure are denoted by asterisks as follows: ns 
= >0.05, * = <0.05, ** = <0.01, and *** = <0.001.  
 
 

2.10 Discussion 

  In this study, we present a CRISPR screening platform that uses virus-induced cell death 

to identify genes with innate antiviral activity against ZIKV. To our knowledge, this is the first 

CRISPR knockout screen to be performed to identify genes contributing to IFN restriction of 

ZIKV. Using the gene inactivation approach allowed us to demonstrate that IFI6 KO reduces 

type I IFN restriction of ZIKV in A549 cells, reinforcing results of prior overexpression and 

knockdown studies in other cell types and strengthening the evidence for IFI6 as a major anti-

flavivirus ISG. Importantly, we uncovered a new antiviral host gene, AMOTL2, that is not an 
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ISG in A549 cells, but nonetheless inhibits ZIKV in an IFN-dependent manner. Our studies 

suggest that AMOTL2 acts by regulating STAT1 levels and downstream ISG expression. 

  Prior screens for ZIKV restriction factors include a knockdown screen using a limited 

siRNA library of 386 genes [75] and two other studies that used genome-wide gain-of-function 

(overexpression) libraries [54,74]. While these latter studies are useful starting points, relying on 

gene overexpression may limit the biological relevance of the results, as has been demonstrated 

for IFITM3 [47]. Our screen results validated IFI6, a known ISG and restriction factor that 

blocks flavivirus replication by preventing the formation of the viral replication organelles in the 

endoplasmic reticulum membrane [53,54]. In our validation experiments, we also observed a 

small effect on IFN restriction with HELZ2 KO, though it was modest in comparison to other 

screen hits. HELZ2 is an ISG that has been reported to restrict two other flaviviruses, dengue 

virus and hepatitis C virus [99,100]. Future work is required to determine whether HELZ2 is a 

true ZIKV restriction factor. 

In addition to containing sgRNAs targeting most ISGs in A549 cells, our CRISPR library 

also targeted more than 1,700 other human genes, affording us the opportunity to discover non-

ISGs that are important in the type I IFN response. Indeed, the top experimental hit in our screen 

was AMOTL2, a gene that we show is not regulated by IFN-β in A549 cells yet contributes to 

IFN-mediated restriction of ZIKV. AMOTL2 is a motin family protein of 780 amino acids with 

known functions in cancer pathogenesis, angiogenesis, tight junction formation, cell polarity, the 

actin cytoskeleton, and regulation of Hippo signaling [94,111]. We confirmed the role of 

AMOTL2 in the IFN response against ZIKV in validation experiments using several distinct 

AMOTL2 KO cell pools targeting different CRISPR cut sites. We also demonstrated that 
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reconstituting AMOTL2 expression can rescue IFN restriction of ZIKV in the AMOTL2 KO 

cells. Together, these findings confirm that AMOTL2 has an antiviral effect against ZIKV.  

We found that AMOTL2 knockout results in broad blunting of ISG transcription 

following IFN-b stimulation. In follow-up mechanistic studies, we identified specific defects in 

the IFN signaling pathway in AMOTL2 knockout cells that could explain this effect, including 

reduced STAT1 phosphorylation and reduced nuclear translocation of phosphorylated STAT1, 

with no effect on STAT2. Interestingly, levels of total, unphosphorylated STAT1 (U-STAT1) 

were increased in AMOTL2 KO cells, even in the absence of IFN-β stimulation. U-STAT1 and 

unphosphorylated STAT2 plays an important role in maintaining the antiviral state triggered by 

type I IFN after levels of phosphorylated STAT1 and STAT2 decline. However, paradoxically, 

resting high levels of U-STAT1 have also been reported to reduce the responsiveness of cells to 

activation by type I IFN treatment. We therefore propose a model in which AMOTL2 suppresses 

high levels of basal STAT1, relieving the block on IFN-induced STAT1 phosphorylation and 

nuclear translocation (Fig 2-7). In an AMOTL2-low environment, levels of basal U-STAT1 are 

high, and STAT1 activation by type I IFN treatment is low. ISG transcription is reduced, and the 

cell is less able to control ZIKV replication. In an AMOTL2-high environment, U-STAT1 levels 

are kept in check, and STAT1 can be potently activated by type I IFN treatment, resulting in high 

ISG transcription and an antiviral state that better controls ZIKV replication. We also found that 

STAT1 mRNA levels are higher in AMOTL2 KO cells. While this could suggest that AMOTL2 

KO increases STAT1 transcription, it is also possible that AMOTL2 KO increases STAT1 

protein levels and this feeds forward to drive more STAT1 transcription, as overexpression of 

exogenous U-STAT1 has been shown to stimulate transcription of STAT1 in other cell types 

[85].  
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Figure 2-7. Working model of the impact of AMOTL2 on the type I IFN signaling pathway. 
(A) AMOTL2 knockout results in high basal levels of unphosphorylated STAT1. Upon IFN treatment, the cell 
exhibits reduced STAT1 phosphorylation and nuclear translocation and low ISG transcription, resulting in increased 
ZIKV replication. (B) With high levels of AMOTL2, basal unphosphorylated STAT1 levels are low, and STAT1 
activation occurs normally. ISG transcription is high and ZIKV replication is better controlled. Created using 
BioRender. 
 

AMOTL2 is known to interact with TAZ and YAP, transcriptional co-activators that 

stimulate the upregulation of genes involved in diverse biological processes, including cell 

proliferation, stemness, epithelial-to-mesenchymal transition, angiogenesis, and other processes 

resulting in cancerous transformation of cells [112]. When bound to AMOTL2, TAZ and YAP 

are sequestered in the cytoplasm and blocked from engaging with transcription in the nucleus 

[105,106]. Interestingly, TAZ and YAP also antagonize the innate immune response through a 

variety of mechanisms, including by antagonizing the IFN signaling pathway [107,113]. We 

reasoned that TAZ and/or YAP may be involved in AMOTL2’s phenotype, given their tendency 
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to interrupt innate immune signaling pathways [107], and AMOTL2’s tendency to bind and 

block TAZ and YAP. 

We found that inactivation of TAZ reduced ZIKV infection in IFN-treated cells, 

suggesting that TAZ is a proviral gene that antagonizes IFN restriction of ZIKV. We also 

demonstrated that TAZ and AMOTL2 interact in A549 cells in an IFN-independent manner. In 

AMOTL2/TAZ double KO cells, ZIKV replication resembled TAZ single KO cells more so than 

AMOTL2 single KO cells, suggesting that TAZ’s mechanism occurs upstream of AMOTL2’s or 

that AMOTL2 is dependent on TAZ for its function. To definitively test whether TAZ is 

involved in AMOTL2’s antiviral mechanism, we complemented the AMOTL2 KO cells with a 

panel of AMOTL2 variants with mutations in various functional domains, including in the TAZ-

binding PPQY motif. We showed that AMOTL2’s antiviral phenotype was rescued with 

wildtype AMOTL2 to a similar extent as it was rescued with the PPQY-mutated version, 

suggesting that TAZ binding is not involved in AMOTL2’s mechanism. On the other hand, an 

AMOTL2 mutant with a deletion of the coiled-coil domain failed to rescue the phenotype, 

suggesting that this domain mediates AMOTL2’s antiviral function. This finding provides a 

direction for future detailed studies of the mechanism and cellular partners contributing to 

AMOTL2’s ability to modulate STAT1 levels and enhance IFN signaling.  

Despite being largely studied in the context of cancer, AMOTL2 mRNA is broadly 

detectable in primary human tissue, including in the placenta, a site highly relevant to ZIKV 

infection in vivo (The Human Protein Atlas). Interestingly, several transcriptomic datasets 

indicate that AMOTL2 is upregulated by type I IFN treatment in primary monocyte-derived 

macrophages (MDMs) (interferome.org v2.01), but it is not reported as an ISG in any other cell 

type, suggesting that AMOTL2 might play a role in IFN restriction in MDMs. Thus, future 
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studies might study the effect of AMOTL2 inactivation in primary cells such as MDMs, which 

are also a major target of ZIKV infection in vivo [114,115]. 

In this study, we uncovered a novel role for AMOTL2, a gene with no previously 

described function in innate immunity, in IFN-mediated restriction of ZIKV. This work adds to 

our understanding of the cellular players that act in concert to enact the antiviral state mediated 

by type I IFN. Additionally, based on AMOTL2’s impact on IFN-stimulated STAT1 activation, 

it is likely that AMOTL2 is broadly antiviral and not specific to ZIKV. Future studies are needed 

to better define the mechanism and breadth of AMOTL2’s antiviral function. This work 

improves our basic understanding of type I IFN-mediated protection against ZIKV and could 

inform the development of new therapeutics. 

 

 

 
 
 
 
 
 
 
 
 

2.11 Supplementary Material 
 

Gene -log10(MAGeCK 
score), screen 

replicate 1 

-log10(MAGeCK 
score), screen 

replicate 2 
STAT1 22.11 20.91 
STAT2 21.98 21.74 
IFNAR1 20.64 21.86 

IRF9 11.63 11.63 
AMOTL2 4.32 7.37 

GBP3 3.32 4.08 
IKBKE 3.01 2.56 
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IFI6 2.66 3.58 
DNASE1L2 2.64 3.20 
ST3GAL6 2.52 3.61 
CBWD6 2.47 2.52 
BTN3A1 2.46 2.79 

RMI2 2.29 3.40 
HELZ2 2.19 3.41 
ICAM1 1.91 2.60 

Table S1. CRISPR screen hits 
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Table S2. sgRNA sequences and ICE primers 

 
 
 
 

Gene 
Target 

Knock
out ID Knockout sgRNA #1 sgRNA #2 

Forward primer 
to check gene 

editing 

Reverse primer 
to check gene 

editing 

ICE 
KO 

score 

KO checked 
by Western 

blot 

N/A 
NTC 
KO #1 

LentiCRISPR
v2 

ATCTCGGGTC
GACTGCGGAT N/A N/A N/A N/A N/A 

N/A 
NTC 
KO #2 

LentiCRISPR
v2 

ATCTCGGGTC
GACTGCGGAT 

GCAAACCCGA
GTGACACGTC N/A N/A N/A N/A 

IRF9 
IRF9 
KO #1 

LentiCRISPR
v2 

ACAATTCCACA
GGCCAGCCA N/A 

CCTGCATAATC
CCTTCTGAGC 

AGGAAGCAGAA
ACTCCAGGG 77   

IRF9 
IRF9 
KO #2 

LentiCRISPR
v2 

ACAATTCCACA
GGCCAGCCA 

GAGGGAGTCC
TGGAGCACAG 

CCTGCATAATC
CCTTCTGAGC 

AGGAAGCAGAA
ACTCCAGGG 100   

YAP 
YAP 
KO 

LentiCRISPR
v2 

ACATCGATCAG
ACAACAACA 

GACACTGTAAT
TACAGCACA 

GACTTTTGGGG
TTTTGTGGTGT 

AACCACAAAGG
GAAGAGGGT 100   

WWTR1 
TAZ 
KO 

LentiCRISPR
v2 

ACATAGAAAAA
ATCACCACA 

AGGCTTACCGA
GATTTGGCT 

GGAATACAAGC
TCCACGGGC 

GGCAGAAGGG
TAACACGGT 100 ✓ 

GBP3 
GBP3 
KO 

LentiCRISPR
v2 

GTCTGCCATTA
CACAGCCTG N/A 

CTTTTGGCCAT
CCTGGGGAA 

ACCTTAAAGAT
CAGTGTAAACT
TGC 88   

HELZ2 
HELZ2 
KO 

LentiCRISPR
v2 

CATCTCGCGG
CACTTCTACG 

CCGCTGGCCT
ATGCCTCGCA 

TTTAGCGGACA
GCACTGAGG 

ACACAGATGCA
CCTCTGCTC 96   

RMI2 
RMI2 
KO 

LentiCRISPR
v2 

CGGACCGAGA
AGTCCCCGCT 

TCCGAGGTCG
CCGCCACTCA 

GTAGGTGATCT
GCATCCACGC 

AAACGAAGGTG
CCGGAGTC 100   

BTN3A1 
BTN3A
1 KO 

LentiCRISPR
v2 

CCTTCTTCAGG
AGCGCCCAG 

AAGCAAGAACA
AAGCACAAG 

ACTGGGTGGAT
GGGAGACTT 

ACTTCTCCATC
CTGCAACGG 100   

AMOTL2 

AMOT
L2 KO 
#1 

LentiCRISPR
v2 

GCGGCGCCAT
CGAGGACCAG 

GGGCCTTGAG
TTCCTGCTCC 

CCCAGTTGTTA
CTGCAAGGGT 

CTAGAGGTCAA
GGACAACTAGC 100 ✓ 

AMOTL2 

AMOT
L2 KO 
#2 

LentiCRISPR
v2 

CCAGGGCGGT
GAGAACCACC 

GACCCACGGT
ACCGTGCCCG 

CCCATCCACCC
CTAGACTGA 

CCAGGCATTAG
CTCTCCCTT 

not 
analyz

ed ✓ 

AMOTL2 

AMOT
L2 KO 
#3 

LentiCRISPR
v2 

ACTGTCCATCT
TGTTCCGCA N/A 

CCTGTTTGGTG
GCCTCTCAT 

CACACAGGCCA
GGCTTCTTA 93 ✓ 

IFI6 
IFI6 
KO 

LentiCRISPR
v2 

CTGCTGCTCTT
CACTTGCAG N/A 

GATGCGGAGA
GGAAACGGAT 

CCTGCAGGAG
AGCAGACAAA 61   

IFI6 
IFI6 
KO #2 

LentiCRISPR
v2 

CTGACCTTCAT
GGCCGTCGG 

GAGCAGACAAA
GCGTAGTGG 

TGTGGGTAAG
GATGCAGGT 

CCATTCAGGAT
CGCAGACCA 95   

N/A 

NTC 
KO #2 
(nf) 

Cas9 RNP 
nucleofection 

ATCTCGGGTC
GACTGCGGAT 

GCAAACCCGA
GTGACACGTC N/A N/A N/A N/A 

AMOTL2 

AMOT
L2 KO 
#1 (nf) 

Cas9 RNP 
nucleofection 

GCGGCGCCAT
CGAGGACCAG 

GGGCCTTGAG
TTCCTGCTCC 

CCCAGTTGTTA
CTGCAAGGGT 

CTAGAGGTCAA
GGACAACTAGC 100 ✓ 

WWTR1 
TAZ 
KO (nf) 

Cas9 RNP 
nucleofection 

ACATAGAAAAA
ATCACCACA 

AGGCTTACCGA
GATTTGGCT 

GGAATACAAGC
TCCACGGGC 

GGCAGAAGGG
TAACACGGT 100 ✓ 

AMOTL2
/WWTR1 

AMOT
L2/TAZ 
KO (nf) 

Cas9 RNP 
nucleofection 

AMOTL2 KO #1 and TAZ KO 
sgRNAs AMOTL2 KO #1 and TAZ KO primers 

100, 
100 ✓ 



 48 

PCR to amplify edited loci from genomic DNA for ICE analysis 
Temp Time Cycles 
95C 4 min 1 cycle 
95C 20 s 

14 cycles 55C (-0.5C ea cycle) 30 s 
72C 30 s 
95C 20 s 

20 cycles 55C 30 s 
72C 30 s 
72C 10 min 1 cycle 

Final store 
RT-qPCR protocol to amplify ZIKV RNA from viral supernatants 

Temp Time Cycle 
50C 10 min 1 cycle 
95C 3 min 1 cycle 
95C 15 s 40 cycles 60C 1 min 

Final store 
Reverse transcription protocol 

Temp Time   
25C 5 min   
50C 60 min   
70C 15 min   

Final store   
qPCR protocol for human gene expression quantification 

Temp Time Cycle 
95C 30 s 1 cycle 
95C 15 s 40 cycles 58C 1 min 

Melt curve analysis 
 
Table S3. Thermocycler programs 

Primers and probe to amplify ZIKV RNA from viral supernatants 
Name Sequence  

forward 
Zika-
PRV/BRA-F 5′-TGAGGCATCAATATCAGACATG-3′  
reverse Zika-
Dual Rev 

5′-GTTCTTTTGCAGACATATTGAGTG-
3′  

probe 5′ FAM −TGCCCAACA/ZEN/C-
AAGGTGAAGCCTACCT-IAbkBkFQ  

Primers for human gene expression by RT-qPCR 
Gene Forward primer Reverse primer 

AMOTL2 CACAGGCATCAGGAGATGGAAAG GCGCTGCTGAAGGACCTTG 
IFIT1 TTGATGACGATGAAATGCCTGA CAGGTCACCAGACTCCTCAC 
Mx1 AAGAGCTCCGTGTTGGAGG TGGTAACTGACCTTGCCTCTC 

GBP1 CGCTCTTAAACTTCAGGAACAGGA GTACATGCCTTTCGTCGTCTC 
STAT1 GTGATCTCCAACGTCAGCCA TGGCGTTAGGACCAAGAAGC 
GAPDH GAAGGTCGGAGTCAACGGATTT GAATTTGCCATGGGTGGAAT 

 
Table S4. Other primers 
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Figure S1. IFN-β treatment suppresses ZIKV-induced cell death. 
Annexin-V staining over a time course of ZIKV infection in untreated and IFN-β-treated A549 KO library cells. The 
percent Annexin-V+ cells in the supernatant of untreated or IFN-β-treated, ZIKV-infected or uninfected A549 KO 
library cells is shown every 6 hours from 24 to 48 hours post infection. Data points represent mean of technical 
replicates, and error bars indicate range. 
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Figure S2. ZIKV infection quantification by TCID50 vs. RTq-PCR. 
Each data point represents an individual ZIKV-infected cell supernatant sample quantified by both methods. 
Spearman r=0.87, p<0.0001 
 

 
Figure S3. Nanostring nCounter quantification of ISG transcripts in AMOTL2 KO cells. 
The 10 genes on the panel with at least 10-fold upregulation in response to 3 hours of 1000U/mL IFN-β treatment in 
NTC cells are shown. Upregulation of each gene in response to IFN-β treatment is shown for NTC, IRF9 KO, and 
AMOTL2 KO cells. Data points represent biological replicates. 
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Figure S4. Levels of STAT2 phosphorylation in AMOTL2 KO cells, and total and phosphorylated STAT2 in 
nuclear and cytoplasmic fractions of AMOTL2 KO cells.   
(A) Representative western blot corresponding to the data shown in Fig 2-5A. Whole cell lysates from NTC and 
AMOTL2 KO cell pools were non-IFN-treated or stimulated with 1000U/mL IFN-β for 1 hour and probed with 
antibodies to phosphorylated STAT1/2 and total STAT1/2. (B) Phosphorylated STAT2 levels relative to total 
STAT2 levels for the experiment shown in (A), normalized to NTC cells. Data show three independent replicates. 
(C) Representative western blot on nuclear and cytoplasmic fractions of non-IFN treated and IFN-treated NTC and 
AMOTL2 KO A549 cells, showing phosphorylated STAT2 and total STAT2 levels. IFN-β treatment was 
1000U/mL for 2 hours. Lamin A/C is a nuclear marker, and MEK 1/2 is a cytoplasmic marker. (D) Nuclear to 
cytoplasmic ratio of phosphorylated STAT2 for three replicates of the experiment shown in (C), normalized to NTC 
cells. (E) Total cytoplasmic STAT2 levels for three replicates of the experiment shown in (C), normalized to NTC 
cells. In all panels, shapes represent different AMOTL2 KO cell pools, open circles represent IFN-treated 
conditions, closed circles represent non-IFN-treated conditions, and p values are Mann-Whitney test. 
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2.12 Materials and Methods 

Cell culture and reagents 

Human lung epithelial A549 cells (provided by A. Berger; ATCC CCL-185) were 

cultured in Gibco RPMI 1640 (ThermoFisher 22400089) supplemented with 10% fetal bovine 

serum (FBS), 2 mM L-glutamine, and 1x Gibco antibiotic/antimycotic (“RPMI complete 

media”), ThermoFisher 15240062). ZIKV infections were performed in RPMI without added 

FBS, L-glutamine, or antibiotic/antimycotic (“serum-free RPMI”). Vero cells (provided by A. 

Geballe) and HEK293T cells were maintained in Gibco DMEM (ThermoFisher 11965092) 

supplemented with 10% FBS, 2 mM L-glutamine, and 1x antibiotic/antimycotic (“DMEM 

complete media”). The identity of the A549 cells and HEK293T cells was confirmed using STR 

CODIS fingerprinting prior to beginning experiments. 

The A549 cells were regularly tested for mycoplasma and found to be mycoplasma-free 

by the Research Cell Bank shared resource at the Fred Hutchinson Cancer Center. 

ZIKV strain PRVABC59 was obtained from BEI Resources. ZIKV PRVABC59 was 

propagated in Vero cells at an MOI of 0.01, as previously described [116]. Viral titers were 

determined by the TCID50 assay described below. 

Plasmids 

pMD2.G (Addgene #12259, vesicular stomatitis virus glycoprotein [VSV-G] envelope 

plasmid) and psPAX2 (Addgene #12260, an HIV-based packaging plasmid) were gifts from 

Didier Trono. lentiCRISPRv2 (encoding puromycin resistance) was a gift from Feng Zhang 

(Addgene #52961) [117]. The expression plasmids encoding AMOTL2 (NCBI reference 

sequence NM_016201.4) and ORF stuffer (amino acids 2-83 of E. coli beta-galactosidase) were 

synthesized by VectorBuilder (Vector IDs VB240108-1277gwz and VB230727-1905uxr). 
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Whole plasmid sequencing was performed by Plasmidsaurus using Oxford Nanopore 

Technology for all plasmid preps used in this study. 

CRISPR sgRNA library 

The PIKA CRISPR library was designed as previously described [95]. In brief, ISGs 

were identified from gene expression profiles of IFN-stimulated cells, including microarray data 

from A549 cells [96,118]. A total of eight sgRNAs were selected for each of 1,905 gene targets. 

In total, 15,348 unique sgRNA sequences were synthesized, in addition to 200 unique non-

targeting control (NTC) sgRNAs. The library was synthesized (Twist Biosciences) and cloned 

into pLentiCRISPRv2. 

Generation of A549 KO library cells 

Pseudoviruses for lentiviral transduction of the PIKA CRISPR library were made by 

transfection of HEK293T cells, as previously described [95], with the following specifics: 5x105 

HEK293T cells were plated in 2 mL in 6-well plates and the following day were transfected with 

667 ng lentiCRISPRv2 plasmid, 500 ng psPAX2, and 162.5 ng pMD2.G. The comprehensive 

lentiviral CRISPR library was titered by colony forming unit assay on A549 cells and used to 

transduce A549 cells at an MOI of 0.5. Cells were selected in 1ug/mL puromycin for 14 days. 

Following selection, aliquots of 1x107 A549 KO library cells/mL (> 500-fold representation) 

viably frozen until CRISPR screening. When cultured, cells were maintained in RPMI complete 

media with the addition of 1 μg/mL puromycin. Cells were maintained at ≥ 500-fold 

representation to avoid bottlenecking the library. 
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Annexin-V staining 

A549 KO library cells per well were plated at a density of 3x105 in 6-well dishes, either 

with or without 1000U/mL IFN-b (PBL Assay sciences 11410). Twenty-four hours later, cells 

were infected with ZIKV PRVABC59 at MOI=3 for 4-6 hours; uninfected cells were maintained 

in parallel. The viral inoculum was removed, and cells were replenished with RPMI complete 

media; in the IFN-treated condition, the refreshed media included 1000U/mL IFN- b. The cell 

supernatant was collected every six hours from 24 hours post infection to 48 hours post infection. 

A 2mL PBS wash was performed on the adherent cells and added to the supernatant fraction to 

capture any additional non adherent cells. Annexin-V staining was performed on the supernatant 

cells using the FITC Annexin V Apoptosis Detection Kit I (BD Biosciences) as per the 

manufacturer’s protocol. Cells were analyzed by flow cytometry on a BD FACSCanto II flow 

cytometer. All data were analyzed using FlowJo v10 software. 

CRISPR screen 

To perform the CRISPR screen, 2.5x107 A549 KO library cells were plated in a 5-layer 

flask (Corning Falcon) in 125 mL RPMI complete media containing 1000 U/mL IFN-β (PBL 

Assay Sciences) and placed at 37˚C. Twenty-four hours after plating and IFN-β pre-treatment, 

cells were infected with ZIKV PRVABC59 at MOI=3 for four hours in a total of 50 mL of 

serum-free RPMI inoculum. For the uninfected control condition, the method was identical 

except the cells received 50mL of serum-free RPMI without virus added. The inoculum was 

removed and replaced with 125 mL of fresh RPMI complete media containing 1000 U/mL IFNβ 

and placed at 37˚C. At 42 hours post infection, the supernatant was collected. A PBS wash was 

performed to capture any remaining dead/dying cells not adhered to the flask, and the PBS was 

collected and added to the cell supernatant. The supernatant including the PBS wash was spun at 
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1500 x g for 10 mins at room temperature. Following the spin, the supernatant was poured off 

and the pellets containing dead/dying cells were resuspended in PBS and spun again at 1500 x g 

for 10 mins. Genomic DNA was isolated using a Qiagen QIAamp DNA blood mini kit. Illumina 

library preparation was performed by two rounds of PCR using Herculase II Fusion DNA 

Polymerase (Agilent 600679). The round 1 primer sequences were 5’-

GAGGGCCTATTTCCCATGATTCCTTCA-3’ (“PLC-seq-R1-F“) and 5’-

AACTTCTCGGGGACTGTGG-3’ (“PLC-Seq-R1-R”). Thermocycling conditions for round 1 

were 95°C for 2 minutes; 12 rounds of 95*C for 15 seconds, 60°C for 20 seconds, and 72°C for 

30 seconds; and 72°C for 3 minutes. A maximum of 2 μg of gDNA was used per first-round 

PCR reaction. Following the first-round PCR, all PCRs corresponding to the same sample were 

pooled and up to 12 first-round PCR reactions were purified on a single Qiaquick PCR 

purification column (QIAGEN 28104). Four second-round PCRs were performed per sample (10 

μL PCR-purified first-round product as template) to add identifier sequences to each sample 

using indexing primers (see [95]) and the PLC-Seq-R2-RS primer 

(CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGAT

CTTGCCACTTTTTCAAGTTGATAACGGACT). Thermocycling conditions for round 2 were 

95°C for 2 minutes; 20 rounds of 95*C for 15 seconds, 60°C for 20 seconds, and 72°C for 30 

seconds; and 72°C for 3 minutes. The second-round PCR products were pooled and run on a 2% 

TBE gel to ensure successful amplification of a ~230 bp product. A 0.7x right-sided AMPure XP 

(Beckman-Coulter) bead purification was performed as per the manufacturer’s protocol using a 

96-well plate magnet (Thermo Fisher). The bead-purified products were run on a 2% TBE gel to 

verify clean-up and their concentration was quantified using the QuBit dsDNA HS assay kit as 

per the manufacturer’s protocol. An equimolar pool was made from all the samples, gel-purified 
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using a 2% TBE gel, and sequenced on an Illumina HiSeq (Fred Hutch Shared Resources 

Genomics Shared Resource). 

Bulk RNA-Seq in A549 cells 

Wildtype A549 cells were plated in triplicate in RPMI complete media with or without 

1000U/mL IFN-β. 24 hours later, cells were harvested and total RNA was extracted with the 

RNeasy Plus Mini Kit (Qiagen 74134). RNA quality was assessed with RNA TapeStation 

(Agilent) to ensure acceptable RNA integrity values, and RNA-seq was performed with 50bp 

paired-end reads on an Illumina machine (Fred Hutch Shared Resources Genomics Shared 

Resource). 

Generation of single- and double-gene KOs in A549 cells 

Single-gene KOs were made by lentiviral transduction for the genes IRF9, IFI6, 

AMOTL2, GBP3, RMI2, HELZ2, BTN3A1, WWTR1 (TAZ), and YAP. Individual sgRNAs 

(Table S2) were cloned into the pLentiCRISPRv2 plasmid. Non-targeting sgRNA sequences 

were used to generate NTC cells in parallel. HEK293T cells were plated at a density of 2x106 in 

10mL in T-75 flasks and the following day were transfected with 5ug lentiCRISPRv2 plasmid 

with the appropriate sgRNA sequence, 5ug psPAX2, and 2.5ug pMD2.G. Viral supernatants 

were collected two days later, clarified by centrifugation to remove any cells in solution, and 

concentrated using 100kDa MWCO Amicon filter units (MilliPore Sigma UFC910096) until 

~250uL of concentrated virus remained. A549 cells were plated in 6-well dishes at 2x105 cells 

per well in 2mL of RPMI. The following day, cells were transduced with the concentrated 

lentivirus by spinoculation. In cases where single-gene KOs were generated with more than one 

sgRNA (see Table S2), the cells were transduced with the lentiviruses for both sgRNAs. 

Successfully transduced cells were selected by culturing in RPMI complete media supplemented 
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with 2ug/mL puromycin (Sigma Aldrich P9620) for 1-2 weeks or until flasks with non-

transduced control cells were killed by puromycin. All KOs were verified by Synthego’s ICE 

genomic editing analysis and/or Western blotting. 

For AMOTL2/TAZ double KOs, we generated KOs by successive nucleofection of 

Cas9/sgRNA ribonucleoproteins (RNPs). We opted for this approach rather than the constitutive 

editing provided by the lentiviral system described above, since AMOTL2 and WWTR1 are both 

located on the same chromosome, and we wanted to avoid the possibility of a large intergenic 

deletion. The same two sgRNAs per gene as used in dual-guide lentiviral editing experiments 

were ordered as synthetic sgRNAs (Synthego CRISPRevolution sgRNA EZ Kit, modified with 

2'-O-Methyl at 3 first and last bases and 3' phosphorothioate bonds between first 3 and last 2 

bases). RNPs were assembled on the day of nucleofection by combining 4 μL of 50 pmol/μL 

pooled sgRNAs (Synthego), 20 μL of SF Cell Line Complete Nucleofector solution (Lonza 

V4XC-2032), and 1 μL of 20 μM Cas9-NLS protein (UC Berkeley QB3 MacroLab). Complexes 

were gently mixed and incubated for at least 10 min at room temperature. 2x105 A549 cells were 

pelleted and washed once with PBS prior to resuspension in 25uL RNPs and immediate transfer 

to a 16-well Nucleocuvette Strip in an Amaxa Nucleofector (Lonza). Nucleofection was done 

using pulse code CM-130. Cells were immediately supplemented with 80 μL of RPMI complete 

media and allowed to recover in the cuvette for at least 10 min at 37°C. Cells were then 

transferred to 6-well dishes and supplemented with an additional 3mLs of RPMI complete 

media. The second RNP nucleofection was done in the same way between 3 to 4 days later. For 

cells not receiving a second edit (e.g., single KO control cells and NTC cells), the second 

nucleofection was performed with NTC RNPs. Since cells generated by RNP nucleofection do 

not have a selectable marker, we performed fresh nucleofections for each biological replicate to 
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minimize outgrowth of wildtype cells. All KOs were verified by Synthego’s ICE genomic 

editing analysis and/or Western blotting. 

Genomic editing analysis 

A549 KO cell pellets were collected for genomic DNA extraction (QIAGEN 51104). 

Edited loci were amplified from the genomic DNA of edited and control cells using primers 

specific to the region around each sgRNA cut site, Herculase II Fusion DNA Polymerase 

(Agilent 600679), and the thermocycler program detailed in Table S3. PCR products were 

purified (QIAGEN 28104) and Sanger sequenced (Fred Hutch Shared Resources Genomics 

Core). Results were analyzed using the ICE analysis tool (Synthego) to estimate the proportion 

of DNA with a functional KO of the gene (KO score). These values are reported in Table S2.  

IFN treatment and ZIKV infection of A549 cells 

A549 KO cells were diluted to 8x104 cells/mL in RPMI complete media, and 1mL of 

cells was plated for each IFN-negative well. IFN-β (PBL Assay sciences 11410) was added to 

the remaining cells at 1000U/mL, and 1mL of these cells was plated as each IFN-treated well. 

All conditions were performed in technical duplicate. Twenty-four hours later, cells were 

infected with 250uL PRVABC59 ZIKV at an MOI of 0.5 in serum-free RPMI. Four hours later, 

the viral inoculum was removed and cells were washed once with PBS, then replenished with 

fresh IFN-negative or IFN-treated RPMI complete media. For quantification of infectious virus 

by TCID50, all viral supernatant was collected at the infection endpoint and frozen at -80°C. For 

quantification of ZIKV RNA by RT-qPCR, 12uL of viral supernatant was removed from each 

well at various time points throughout the infection time course. The viral supernatant was heat-

inactivated at 60°C for 30 minutes and stored at -80°C. 
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ZIKV quantification by TCID50 

ZIKV titers were determined by TCID50 assay on Vero cells as previously described [47]. 

Vero cells were seeded in 100 uL of DMEM complete media in a flat-bottomed 96-well plate at 

8x103 cells per well. The next day, for each condition tested, seven serial 10-fold dilutions of 

viral supernatants were prepared, starting at a concentration of 1 uL viral supernatant/well, with 

each dilution including 10 replicate wells. Cells were infected with 50 uL of each viral dilution 

in serum-free DMEM for 4–6 h, before being replenished with 100 uL of DMEM with 3% FBS. 

On day 5 post-infection the wells were examined by light microscope for the presence or absence 

of cytotoxicity, and the TCID50/mL was calculated using the Spearman–Karber method. 

ZIKV quantification by RT-qPCR 

Viral supernatants were diluted 1:3 in water and used as the template in a one-step RT-

qPCR reaction. In a 384-well MicroAmp Optical plate (Applied Biosystems 4309849), 3.95uL of 

diluted supernatant was mixed with 5uL iTaq Universal Probes PCR reaction mix (BioRad), 0.25uL 

iScript reverse transcriptase (BioRad), 0.3uL of each 10uM primer, and 0.2uL of 10uM probe targeting 

the NS1 region of the ZIKV PRVABC59 genome (Table S4) (adapted from [104]). Thermocycling 

conditions are listed in Table S3. Plates were read on an Applied Biosystems QuantStudio 7 Real-

Time PCR machine. ZIKV RNA copies per mL were quantified using a standard curve of a positive 

control DNA fragment. 

Human gene expression quantification by RT-qPCR 

For assessment of AMOTL2 and ISG upregulation in unedited A549 cells, 4x105 NTC 

cells were plated in technical duplicate in 6-well dishes in 2mL RPMI complete media, with or 

without 1000U/mL IFN-β (PBL Assay Sciences). Cells were lysed in buffer RLT+ (Qiagen) with 
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beta-mercaptoethanol and stored at -80°C until RNA extraction and cDNA synthesis as described 

below. 

For assessment of IFIT1 and Mx1 upregulation in AMOTL2 KO cells, 4x105-6x105 

AMOTL2 KO and NTC A549 cells were plated in technical duplicate in 6-well dishes in 2mL 

RPMI complete media, with or without 1000U/mL IFN-β (PBL Assay Sciences). Cells were 

lysed in buffer RLT+ (Qiagen) with beta-mercaptoethanol and stored at -80°C until RNA 

extraction and cDNA synthesis as described below. 

For assessment of basal STAT1 transcript levels in AMOTL2 KO cells, cells nearing 

confluency were lysed in buffer RLT+ (Qiagen) with beta-mercaptoethanol and stored at -80°C 

until RNA extraction and cDNA synthesis as described below. 

RNA was extracted using the RNeasy Plus Mini Kit (Qiagen 74134). In addition to the 

genomic DNA eliminator spin columns included in the kit, an additional DNase treatment was 

performed either during the extraction protocol with an on-column DNase digest (Qiagen 79254, 

following the manufacturer’s protocol) or following the extraction (Roche 4716728001). For the 

latter, 20uL RNA was mixed with 2.5uL 10X incubation buffer, 0.5uL RNAase OUT, 0.5uL 

DNase I, and 1.5uL water and incubated at 25°C for 1 hour, then 75°C for 5 minutes (Roche 

4716728001). cDNA synthesis was performed by first incubating 12uL of extracted RNA with 

1uL of 10mM dNTPs, 0.75uL of random hexamer primers (Thermo Fisher N8080127), and 

1.25uL of nuclease-free water at 65°C for 5 minutes to denature RNA and allow for primer 

annealing. The reaction was placed on ice for 2 minutes, then mixed with 4.4uL of 5x First 

Strand Buffer (Thermo Fisher 18080093) 1uL 0.1M DTT (Thermo Fisher 18080093), 1uL 

RNAaseOut (Thermo Fisher 10777019), and 1.5uL Superscript III reverse transcriptase (Thermo 

Fisher 18080093). Reverse transcription was carried out using the thermocycling conditions 
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described in Table S3. A “no-RT” control, in which reverse transcriptase was replaced with 

water, was included for a subset of samples from each RNA extraction and run in the qPCR 

reaction to ensure adequate genomic DNA removal. For qPCR reactions, 4.4uL of the cDNA 

template was mixed with 5uL iTaq universal SYBR Green mix (Bio-Rad 1725120) and 0.3uL of 

each 10uM primer for the gene of interest (Table S4). GAPDH was used as a housekeeping gene. 

Plates were read on an Applied Biosystems QuantStudio 7 Real-Time PCR machine, and relative 

quantification was calculated using the ΔΔCt method [119]. 

Assessment of ISG upregulation by Nanostring nCounter 

4x105 AMOTL2 KO, IRF9 KO and NTC A549 cells were plated in technical duplicate in 

6-well dishes in 2mL RPMI complete media, with or without 1000U/mL IFN-β (PBL Assay 

Sciences). Cells were lysed in buffer RLT+ (Qiagen) with beta-mercaptoethanol, and RNA was 

extracted using the RNeasy Plus Mini Kit (Qiagen 74134) following the manufacturer’s protocol. 

RNA samples were prepared for NanoString nCounter analysis as described previously [120]. 

Briefly, 6uL of 20ng/uL RNA was hybridized to reporters and capture probes from a custom 

innate immune probe set (NanoString) [120]. Hybridization was performed for 16 hours at 65°C, 

and sample preparation was completed on an nCounter MAX prep station according to the 

manufacturer’s protocol (NanoString). RNA transcript counts were quantified on a NanoString 

nCounter (NanoString). 

AMOTL2 complementation 

Lentiviral expression plasmids encoding AMOTL2 and ORF stuffer were synthesized by 

VectorBuilder. To allow for successful complementation of AMOTL2 in the lentiCRISPR 

AMOTL2 KO cells, the lentiviral expression plasmid encoding wildtype AMOTL2 was edited 

by site-directed mutagenesis (SDM) to mutate the sgRNA sequence and/or PAM sites for each 
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sgRNA expressed by the AMOTL2 KO cells. An additional mutation was made to mutate the 

reference sequence’s glutamic acid at position 732 to an aspartic acid, as we noticed the A549 

cells express an aspartic acid at this position according to RNA-Seq reads. Then, individual 

AMOTL2 point (P105A, Y213A, S159A) and deletion (CCdel, PDZdel) mutants were 

synthesized by SDM. The primers to generate all mutations were designed using TakaraBio’s In-

Fusion Cloning Primer Design Tool and used in PCR reactions with Phusion High-Fidelity DNA 

polymerase according to the manufacturer’s instructions. PCR products underwent DpnI 

treatment to remove the template plasmid, followed by PCR purification (Qiagen 28104). The 

purified PCR product was transformed into One Shot Stbl3 Chemically Competent E. coli 

(Thermo Fisher C737303), and single colonies were swabbed and grown overnight. Purified 

plasmid preparations (Qiagen 27104) were sequenced by Plasmidsaurus to check for the intended 

mutation(s). 

2x106 293T cells were plated in 10mL in T-75 flasks and the following day were 

transfected with 2.5ug lentiviral expression plasmid, 5ug psPAX2, and 2.5ug pMD2.G. Viral 

supernatants were collected two days later, clarified by centrifugation to remove any cells in 

solution, and concentrated using 100kDa MWCO Amicon filter units (MilliPore Sigma 

UFC910096) until ~250uL of concentrated virus remained. AMOTL2 KO cells were plated in 6-

well dishes at 2x105 cells per well in 2mL of RPMI. The following day, cells were transduced 

with the concentrated pseudotyped lentivirus by spinoculation. Successfully transduced cells 

were selected by culturing in RPMI supplemented with 100ug/mL hygromycin for 1-2 weeks or 

until flasks with non-transduced control cells were killed by hygromycin. AMOTL2 protein 

expression was confirmed by RT-qPCR and Western blot. 
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Co-immunoprecipitation 

A549 cells with the indicated gene KOs and treatments were harvested at the indicated 

time points and lysed in Pierce IP buffer (87787) containing protease inhibitor (Thermo Fisher 

A32955) or protease/phosphatase inhibitor (Cell Signaling 5872). Samples were flash-frozen and 

stored at -80°C until further processing. Upon thawing, lysates were sonicated, then spun at 

maximum speed for 15min at +4°C. Protein concentrations were quantified using the DC Protein 

Assay (Bio-Rad 5000116) against a standard curve of bovine serum albumin (BSA). Samples 

were diluted to equivalent concentrations and volumes. Lysates were pre-cleared by incubating 

with protein G beads at +4°C for at least 30 minutes. Meanwhile, protein G beads were 

incubated with the indicated IP antibody at +4°C for at least 30 minutes. The antibodies used for 

IP were: anti-TAZ (mouse IgG2a monoclonal antibody, Cell Signaling 71192), anti-STAT1 

(mouse IgG1 monoclonal antibody, Cell Signaling 9176), anti-phospho-STAT1 Tyr701 (mouse 

IgG2a monoclonal antibody, Thermo Fisher 33-3400), mouse IgG2a isotype control antibody 

(Cell Signaling 61656), and mouse IgG1 isotype control antibody (Cell Signaling 5415).  Pre-

cleared whole cell lysates were then incubated with the antibody-beads overnight at +4°C. The 

beads were washed thrice in lysis buffer before eluting off the bound proteins by resuspending 

beads in LDS sample buffer (Invitrogen NP007) containing 50mM DTT and heating to 70°C for 

10 minutes. Immunoblotting was performed as described below. 

Nuclear fractionation 

Confluent T-75 flasks of A549 NTC and AMOTL2 KO cells were treated with 

1000U/mL IFN-β for 2 hours or left untreated. Nuclear fractionation was performed using the 

NuCLEAR™ Extraction Kit (Sigma-Aldrich) according to the manufacturer’s protocol, with the 

following changes: cells were trypsinized instead of scraped, and the nuclear pellet was washed 
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twice in PBS to remove residual cytoplasmic proteins prior to nuclear extraction. Cytoplasmic 

and nuclear extracts were quantified and processed for immunoblotting as described in the 

section below. 

Immunoblot analysis 

For assessment of protein levels in whole cell lysates without subcellular fractionation or 

immunoprecipitation, cells were trypsinized, pelleted, washed once in PBS, and stored at -80 

until lysis in RIPA buffer (Cell Signaling 9806) with protease/phosphatase inhibitor (Cell 

Signaling 5872). Lysates were vortexed on a thermomixer at +4°C for 15 minutes, then spun at 

maximum speed at +4°C for 15 minutes. Protein concentrations were quantified using the DC 

Protein Assay (Bio-Rad 5000116) against a standard curve of bovine serum albumin (BSA). 

Samples were diluted to equivalent concentrations and heated to 70°C for 10 minutes in LDS 

sample buffer (Invitrogen NP007) containing 50mM DTT. The protein extracts were separated 

on NuPAGE Bis-Tris Mini Protein gels (Invitrogen NP0321), transferred to nitrocellulose 

membranes (Invitrogen LC2001), blocked with 3% BSA, and probed with the indicated 

antibodies overnight at +4°C. The following primary antibodies were used: anti-AMOTL2 

(Thermo Fisher PA5-78770, 1:1000), anti-TAZ (Cell Signaling 4883, 1:1000 or 83669, 1:1000), 

anti-STAT1 (Cell Signaling 9176, 1:1000 or 9172, 1:1000), anti-pSTAT1 (Cell Signaling 9167, 

1:1000), anti-STAT2 (Cell Signaling 72604, 1:1000), anti-pSTAT2 (Cell Signaling 88410, 

1:1000), anti-lamin A/C (Cell Signaling 4777, 1:2000), anti-MEK1/2 (Cell Signaling 8727, 

1:1000). Membranes were probed with secondary antibody for 1 hour at room temperature using 

HRP-linked anti-rabbit IgG (Cell Signaling 7074, 1:10,000) or HRP-linked anti-mouse IgG 

(Cytiva NA931, 1:10,000) and visualized with chemiluminescence (Cytiva RPN2232). For 

GAPDH staining, membranes were probed with HRP-linked anti-GAPDH antibody (Bio-Rad 
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MCA4739P, 1:1000). When necessary, membranes were stripped (Thermo Scientific 46430) and 

re-probed with a different antibody. Membranes were washed in TBS with 0.1% Tween-20 

between each step. 

Illustrations 

Figures were generated using BioRender and eulerr.co.  

CRISPR screen analysis 

Deep sequencing reads were demultiplexed, trimmed, and aligned to the sgRNA library 

using Bowtie v1.0.0  [121]. The aligner’s native –trim5 and –trim3 options were used to trim 

down the raw reads to 20nts, which is the expected guide size. In an uninfected, IFN-treated 

control condition used to assess sgRNA coverage of the A549 KO library cells at baseline and 

performed in parallel to the experimental conditions of the screen, 97.6% of genes had at least 

six of their eight sgRNAs sequenced at high representation. This ensured to us that the setup of 

the screen allowed for high representation of the sgRNAs in the PIKA library. For screen 

analysis, relative enrichment of sgRNAs (based on all eight sgRNAs targeting each gene) and 

genes were analyzed and compared between groups of interest using the Model-based Analysis 

of Genome wide CRISPR/Cas9 Knockout (MAGeCK) screens algorithm, v0.5.9.2 [122,123]. 

Statistical scores were assigned to identify the most enriched genes, indicating factors important 

for IFN-mediated restriction of ZIKV infection. 

Bulk RNA-seq analysis 

The mapping of RNA-seq reads to genome was performed with the Spliced Transcripts 

Alignment to a Reference (STAR) 2.7.9a software [124]. We aligned against the GRCh38 human 

genome reference using annotations from GENCODE [125]. To generate the list of ISGs in 
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A549 cells, the gene counts were then analyzed with edgeR [126]: we applied the filterByExpr 

function requiring a gene have at least 10 counts in some samples and 15 counts in total across 

all samples; we used the glmQLFTest function to test if the variances for the gene between IFN-

treated and untreated samples were significantly different. ISGs were required to pass the edgeR 

filter and have p < 0.05. Furthermore, we selected genes that had counts per million (CPM) 

greater than 1 in at least half the samples across both IFN-treated and untreated conditions. Then, 

taking the average CPMs under each condition, we computed the log (base 2) fold change of the 

IFN-treated condition over the untreated. A gene was considered differentially expressed if the 

log fold change was greater than 2. The code to select differentially expressed genes was 

implemented in Python 3.8.10 [127] using the Numpy 1.23.5 [128] and Pandas 1.5.2 [129] 

packages. 

NanoString data analysis 

NanoString data were processed as previously described [120,130]. Briefly, raw reads 

were assessed for technical quality control flags using nSolver software (Nanostring) and 

transferred into RStudio (Boston, MA, USA). We used count data from housekeeping genes on 

the panel as an internal reference, against which we compared our genes of interest. We 

measured the coefficient of variation for all genes in the probe set, including genes of interest, 

housekeeping genes, and positive and negative control genes. All housekeeping genes had small 

coefficients of variation (CVs) between all samples in the probe set, thus we opted to calculate 

the geometric mean of all housekeeping genes to use as the within-sample reference value. All 

raw count data from each sample was “anchored” to the within-sample housekeeping gene 

average in ratio form to generate gene expression values. IFN fold change values were calculated 

as the ratio between IFN-treated and non-IFN treated gene expression values for each gene 
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within each sample. The data were filtered to include only ISGs (defined as genes with an 

average IFN fold change of at least 10 in NTC cells). 

Other data analysis 

Prism 10 was used for statistical tests and display of quantitative data. Digital images 

were processed with ImageJ. 
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Chapter 3 Perspectives and future directions 

3.1 A novel CRISPR screening system leads to the discovery of an antiviral gene that 

contributes to IFN-mediated restriction of ZIKV despite not being IFN-induced 

ZIKV remains a persistent threat to global public health due to its potential to cause 

devastating health outcomes in neonates and its predicted increasing burden of disease in coming 

decades. While our understanding of ZIKV has certainly improved since the 2016 American 

outbreak, much remains to be discovered about the virus, including which human innate immune 

genes respond to ZIKV infection. For my thesis work, I set out to identify and characterize 

human genes that contribute to type I IFN-mediated restriction of ZIKV by following up on the 

results of large CRISPR screens performed by a previous graduate student in our lab, Ted 

Gobillot, MD, PhD. To our knowledge, this study represents the largest-scale loss-of-function 

screen to identify human antiviral factors against ZIKV. Prior large-scale screens have used 

overexpression or gene activation, which may lead to the identification of genes that are antiviral 

when overexpressed but are not relevant to the antiviral response at their endogenous expression 

levels [54,74]. Other studies have chosen antiviral factors to test against ZIKV based on their 

known roles in the restriction of other viruses, which likely leaves other unknown antiviral genes 

undiscovered. In the largest loss-of-function screen to identify genes relevant to IFN restriction 

of ZIKV to date, a 2022 study used siRNAs to screen 386 human genes for their contribution to 

IFN restriction of ZIKV in microglial cells. Surprisingly, their work identified a non-ISG that 

contributes to IFN restriction of ZIKV and other flaviviruses, highlighting the potential for the 

discovery of unexpected, novel antiviral genes through loss-of-function screening [75]. Our 

method used the gold standard of CRISPR knockout to screen a much larger gene set enriched 

for innate immune genes (1905 genes) in A549 lung epithelial cells, a commonly used cell type 
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for studying ZIKV infection. Importantly, there is a robust type I IFN antiviral response to ZIKV 

in these cells. 

Our large CRISPR library encompassed more than 80% of the genes upregulated by type 

I IFN in A549 cells—the subset that we thought was most likely to contain antiviral genes—but 

also included over 1,700 other human genes. Unexpectedly, the top hit in our screen was 

AMOTL2, which we showed is not an ISG in A549 cells but nonetheless has an antiviral 

phenotype that is dependent on the presence of type I IFN. My experiments uncovered that 

AMOTL2 enhances the strength of the type I IFN signaling pathway itself, rather than acting as a 

downstream effector like an ISG. AMOTL2 knockout constitutively increases levels of U-

STAT1, reduces STAT1 phosphorylation and nuclear translocation after type I IFN stimulation, 

reduces the upregulation of ISGs, and increases ZIKV replication. This intriguing result suggests 

that AMOTL2’s antiviral effect stems from enhancement of the type I IFN response itself and 

raises many further questions, which are detailed later in this chapter.  

Our CRISPR screening method, developed by Dr. Gobillot, takes advantage of the 

cytopathic effect of ZIKV in A549 cells to screen for cells that succumb to ZIKV-induced cell 

death. We show that the screen successfully enriched for key regulators of type I IFN signaling, 

and I further demonstrated that one of the top hits, IFI6, which is an ISG and known flavivirus 

restriction factor in other cell types [53,54], was antiviral against ZIKV in single-gene KO 

experiments in A549 cells. As CRISPR methods continue to improve and enable editing in 

primary cells and organoid models, this simple and innovative screening platform lays the 

groundwork for future, even larger-scale knockout screens to identify host factors that modulate 

ZIKV under a variety of conditions and in diverse cell types relevant to ZIKV infection.  

Moreover, it can be adapted to other viruses that cause cytopathic effects. 
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3.2 Limitations of and possible improvements to the ZIKV cell death CRISPR screen 

While our CRISPR screening method resulted in an exciting novel finding, limitations of 

the method prevented us from identifying all the genes that contribute to type I IFN restriction of 

ZIKV. Additionally, some previously identified ZIKV-restricting ISGs that were included in our 

CRISPR library were not hits in the screen. These discrepancies can sometimes be explained by 

differences in the experimental system (i.e., previous studies used overexpression instead of 

knockout, and/or used different cell types than A549s). However, at least one described ZIKV-

restricting ISG, PARP12, was previously shown to increase ZIKV infection when knocked out in 

A549 cells, yet it was not a hit in our screen [57]. This suggests that there is room for 

improvement in our CRISPR method. 

One limitation may be the use of ZIKV-induced cell death as the readout in the screen. 

While we successfully identified two genes that play a role in the type I IFN response against 

ZIKV – AMOTL2 and IFI6 – we may have missed other genes with a smaller effect. This could 

be due to the fact that some knockouts increased ZIKV replication, but not enough to cause cell 

death at the 42-hour timepoint that was used in the screen. In this vein, it is possible that 

changing the timing of the screen would reveal other hits that act faster or slower than AMOTL2 

and IFI6. Future work could develop a screening protocol based on ZIKV-positivity of cells 

(e.g., by flow cytometry and sorting for cells expressing ZIKV proteins). This method might be 

more sensitive than the cell death readout, and earlier time points could be collected (prior to the 

development of cytopathic effect). 

Another possibility is that because each ISG is thought to contribute a small proportion of 

the overall IFN restrictive effect, single gene knockouts have small effect sizes that the screen is 

not sensitive enough to pick up. Additionally, maybe some ISGs work in tandem, and we would 
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detect a much greater effect if both genes were knocked out at once (e.g., a synergistic effect). 

To overcome this, future screens could perform double- or triple- gene knockouts by using a 

lentiviral CRISPR plasmid with two to three (or more) sgRNA sequences. The results would tell 

us which combinations of genes work together to have the greatest effect on IFN restriction of 

ZIKV. 

3.3 AMOTL2 affects unphosphorylated STAT1 levels 

One of the most surprising results of my thesis work is the finding that AMOTL2 

knockout constitutively increases levels of U-STAT1, both at baseline and in the presence of 

type I IFN. This indicates that AMOTL2 decreases U-STAT1 expression. U-STAT1, the form of 

STAT1 that is not phosphorylated, is an ISG that is normally upregulated following IFN 

treatment and along with unphosphorylated STAT2 and IRF9, can serve as a transcription factor 

to upregulate certain genes in the days following IFN treatment. Because levels of 

phosphorylated STAT1 and STAT2 peak and decline quickly in the hours following IFN 

stimulation, the unphosphorylated complex is thought to drive late-phase ISG expression to 

maintain a longer-acting antiviral state. Despite this important role in the antiviral response, 

constitutively high levels of U-STAT1 can paradoxically make cells less responsive to type I IFN 

treatment by blunting the activation of STAT1 and STAT2 in the canonical IFN signaling 

pathway. I propose a model in which AMOTL2’s presence in the cell suppresses high levels of 

U-STAT1, allowing for a more robust response to type I IFN treatment, higher ISG expression, 

and better control of viral replication (Figure 2-7). My data do not suggest any effect of 

AMOTL2 on basal STAT2 levels or STAT2 activation following IFN treatment, revealing an 

effect specific to STAT1. This suggests that perhaps the AMOTL2 knockout cells are forming a 

known non-canonical alternative to ISGF3 – a STAT2 homodimer bound to IRF9 – at higher 
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levels than wildtype cells [131]. Even with normal STAT2 activation, the AMOTL2 knockout 

cells cannot make up for the effect of blunted STAT1 activation on ISG transcription and viral 

restriction. This would suggest that the non-canonical complex is less potent than the canonical 

ISGF3. Clearly, future work is needed to investigate these possibilities. 

Much remains unknown about this newly identified association between AMOTL2 and 

STAT1. Firstly, it is unclear how exactly AMOTL2 modulated STAT1 levels and whether other 

cellular players are involved. While I found that STAT1 mRNA transcripts are elevated in 

AMOTL2 KO cells, this does not necessarily mean that AMOTL2 affects STAT1 transcription, 

due to the fact that U-STAT1 itself may be increasing transcription of STAT1, as has been 

reported in other cell types [85]; therefore AMOTL2 could be affecting STAT1 protein levels, 

which feed forward to drive transcription of more STAT1. To clarify this point, it would be 

helpful to perform assays to determine whether AMOTL2 affects STAT1 transcript stability or 

protein stability. The former could be tested by measuring STAT1 mRNA half-life in the 

presence and absence of AMOTL2 in actinomycin D treated cells (which prevents RNA 

polymerase activity). Similarly, protein half-life could be measured in cycloheximide treated 

cells (which prevents protein synthesis). It would also be informative to test whether AMOTL2 

can directly bind to STAT1. I was unable to detect binding between the endogenous proteins by 

co-immunoprecipitation in preliminary experiments (data not shown), but it would be prudent to 

also test binding of exogenously overexpressed AMOTL2 and STAT1, as endogenous co-

immunoprecipitations can lack sensitivity for weaker interactions. Proximity-dependent labeling 

techniques like BioID could also be used to detect proteins that associate with AMOTL2 and 

STAT1 in an unbiased manner, and any overlapping hits could reveal proteins that link 

AMOTL2 to STAT1. 
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Because U-STAT1 is thought to maintain low-level expression of a subset of ISGs, it is 

interesting that I observed no difference in viral replication dynamics in the absence of type I 

IFN treatment, given that U-STAT1 levels are high at baseline in AMOTL2 KO cells. In other 

words, one might expect the presence of U-STAT1 itself to result in reduced viral replication in 

the non-IFN-treated condition. This perhaps suggests that the level of U-STAT1 is high enough 

to prevent activation of the canonical IFN signaling pathway (as in the IFN-treated condition), 

but not high enough to exert any appreciable antiviral effects of its own, at least in the time 

points I used in this study. To investigate this idea, future work might look at later time points of 

viral replication in the AMOTL2 KO cells, when phosphorylated STAT1 levels are undetectable 

and U-STAT1 levels are at their highest (U-STAT1 levels have been reported to remain high in 

response to IFN treatment for more than 72 hours in other cell types [85]). It is at this point that 

we may see AMOTL2 KO cells’ relatively high U-STAT1 levels, relative to NTC cells, begin to 

cause antiviral effects. My data at 72-hour ZIKV infection time points may begin to hint at this 

trend, as we see AMOTL2 KO cause a subtle antiviral effect in the non-IFN-treated condition at 

72 hours, while AMOTL2 reconstitution causes a subtle proviral effect in the non-IFN-treated 

condition at 72 hours (Figs 2-2C, 2-3). This proposed increase in U-STAT1 levels in the non-

IFN-treated condition at 72+ hours of infection would be the result of virus-induced endogenous 

IFN secretion by the A549 cells. This idea is portrayed in Figure 3-1. If this hypothesis is true, an 

interesting question is then whether the ultimate outcome of AMOTL2 KO and elevated U-

STAT1 levels in vivo is antiviral or proviral, which could be studied by moving this experimental 

system to animal models of ZIKV infection. 
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Figure 3-1. Hypothesis for the effect of AMOTL2 KO and increased U-STAT1 levels on viral replication at 
late time points. 
Data portrayed in thick lines are experimental results, taken from Figures 2-2C and 2-3C. Thin lines after the 72 
hour infection time point are hypothetical data if the trend observed at 72 hours were to continue. In this hypothesis, 
increased U-STAT1 levels in the AMOTL2 KO cells exert a late-stage antiviral effect in the non-IFN-treated 
condition, in contrast to the observed proviral effect caused by AMOTL2 KO and high U-STAT1 levels in earlier 
time points in the IFN-treated condition. 

A useful experiment to confirm the association between AMOTL2 KO, U-STAT1, and 

reduced responsiveness to type I IFN would be to perform RNA-seq on AMOTL2 KO cells vs. 

NTC cells, at baseline and at multiple time points following type I IFN treatment. The subset of 

ISGs upregulated by U-STAT1 has been defined in other cell types and includes IFI27, BST2, 

OAS2, and IFI44 [85], which are not genes I explicitly examined in my thesis work. Compared 

to NTC cells, I would expect RNA-seq to reveal higher levels of U-STAT1 ISGs in AMOTL2 

KO cells at baseline, lower levels of fast-acting ISGs (as I have already observed by qPCR and 

Nanostring) in the hours following IFN treatment due to the inhibitory effect of U-STAT1 on 

IFN responsiveness, and potentially higher levels of U-STAT1 ISGs at later time points of IFN 

treatment, as the constitutive effect of U-STAT1 becomes dominant again following resolution 
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of the acute IFN response. RNA-seq would allow an unbiased look at how AMOTL2 KO affects 

expression of all human genes, which would be helpful given the complexity of the proposed 

model. However, this question could also be answered with a carefully designed gene panel by 

qPCR. 

3.4 Impact of AMOTL2 on type I IFN restriction of ZIKV in other cell types 

 I chose to use A549 lung epithelial cells for this work because they are a commonly used 

model for ZIKV infection, are highly responsive to type I IFN treatment, exhibit cytopathic 

effect in response to ZIKV infection (as needed for the CRISPR screen read-out), and are easily 

editable by CRISPR [47,48]. With my discovery that AMOTL2 has antiviral function against 

ZIKV in A549 cells, an important next step is to test AMOTL2’s role in ZIKV restriction in 

more biologically relevant cell types. For example, primary monocyte-derived macrophages 

(MDMs) would be a useful system in which to study this question. Macrophages are a major 

target of ZIKV infection in vivo [114,115] and are also highly relevant to IFN signaling, as 

macrophages are major IFN producers and responders in vivo [39]. Interestingly, AMOTL2 is an 

ISG in primary MDMs according to online gene expression datasets from three independent 

studies (interferome.org v2.01), with AMOTL2 increasing 6-24 fold in response to 3-4 hours of 

type I IFN stimulation, depending on the dataset. AMOTL2 is not reported to be an ISG in any 

other cell type. This suggests that AMOTL2 may be important in the type I IFN response 

mounted by macrophages in response to infection. Primary monocytes isolated from human 

blood can be efficiently edited by CRISPR [132] before differentiation into macrophages with 

the cytokine M-CSF, and these cells are highly sensitive to in vitro IFN treatment [133]. In 

preliminary work towards moving my experimental system into primary MDMs, I found that 

these cells can be productively infected with ZIKV (strain PRVABC59; Figure 3-2). The next 
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steps towards this goal would be to inactivate AMOTL2 in the MDMs by CRISPR and observe 

the effect on ZIKV replication in the presence and absence of exogenous type I IFN treatment. 

 

Figure 3-2. ZIKV successfully infects primary monocyte-derived macrophages. 
Data are preliminary from one experiment. Data points represent technical replicates. 

3.5 Impact of AMOTL2 on type I IFN restriction of other viruses 

Based on my findings that AMOTL2 enhances the potency of the type I IFN response 

itself, rather than directly binding and inhibiting ZIKV, it seems likely that AMOTL2 contributes 

to type I IFN restriction of diverse viruses. In parallel to the ZIKV infection experiments in 

primary MDMs that I describe above, it would be useful to infect my existing AMOTL2 KO 

A549 cells with a panel of diverse viruses to decipher the limits, if any, of AMOTL2’s antiviral 

activity. I would propose to begin with a small panel of viruses of different families that includes 

enveloped and non-enveloped viruses with RNA and DNA genomes, and that encompasses 

viruses with a diversity of known interactions with the human type I interferon response. For 

example, to supplement ZIKV (an enveloped, positive-sense RNA flavivirus), this panel could 

include influenza A virus (an enveloped, negative-sense RNA orthomyxovirus), herpes simplex 
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virus (an enveloped DNA alphaherpesvirus), and adenovirus 5 (a non-enveloped DNA 

adenovirus). Between the primary MDM experiments I propose above (testing AMOTL2’s 

contribution to IFN restriction of ZIKV in a different cell type) and the experiments proposed 

here (testing AMOTL2’s contribution to IFN restriction of other viruses in the same cell type), 

the results should cleanly reveal whether AMOTL2’s antiviral phenotype is cell-type specific, 

virus-specific, both, or neither.  

3.6 AMOTL2’s antiviral mechanism is independent of TAZ binding 

In my thesis work, I pursued experiments to address the possibility that AMOTL2 is 

acting through YAP and/or TAZ to exert its antiviral effect. YAP and TAZ are well-described 

binding partners of AMOTL2 with numerous described roles in antagonism of innate immune 

signaling pathways. In other contexts, AMOTL2 sequesters YAP/TAZ away from performing 

their described canonical functions as transcriptional activators. Thus, it seemed plausible that 

AMOTL2 may exert its antiviral role by inhibiting YAP/TAZ antagonism of the type I IFN 

signaling pathway. I found that TAZ, but not YAP, has a proviral role towards ZIKV in IFN-

treated cells. Previous work showed a role for a short isoform of TAZ in antagonizing IFN 

restriction of vesicular stomatitis virus (VSV) and herpes simplex virus (HSV) in different cell 

types, so my finding that this phenotype extends to ZIKV infection in A549 cells is novel and 

expands our understanding of the breadth of TAZ’s proviral function. I also showed that 

AMOTL2 and TAZ interact in A549 cells. To definitively say whether TAZ was involved in 

AMOTL2’s phenotype, I complemented the AMOTL2 KO cells with various AMOTL2 

constructs lacking different functional domains. My results clearly show that the TAZ binding 

mutant rescued the antiviral phenotype to the same extent as wildtype AMOTL2, suggesting that 

TAZ is not involved in AMOTL2’s mechanism. This suggests that AMOTL2’s mechanism is 
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wholly novel and not based on inhibition of TAZ. It is interesting that these two proteins that are 

well-described binding partners are involved in the type I interferon response via distinct 

mechanisms.  

In parallel with the TAZ binding (PPQY) mutant, I tested other AMOTL2 

mutation/deletion constructs, including most of the domains shown in Figure 3-3. Interestingly, 

mutating AMOTL2’s coiled-coil domain (blue box in Figure 3-3) failed to rescue the phenotype, 

implicating this domain in the antiviral function. Coiled-coil domains are structural motifs that 

involve supercoiled alpha-helices, are found in roughly 5% of proteins, and have diverse 

functions, but often facilitate protein-protein interactions. Homo- or hetero-oligomerization can 

be mediated by coiled-coil domain interactions, and AMOTL2 has been shown to homo-

oligomerize using its coiled-coil domain [108]. Interestingly, STAT1 also has a coiled-coil 

domain, thus it is possible that AMOTL2 and STAT1 interact directly via these domains; 

however, as coiled-coil domains are not uncommon, this could also be coincidence. It is also 

possible that a specific site within the coiled-coil domain (such as a phosphorylation or 

ubiquitination site [94]), and not the structure itself, is responsible for AMOTL2’s antiviral 

phenotype. This question could be pursued by making AMOTL2 expression constructs with 

point mutations to putative phosphorylation and ubiquitination sites located within the coiled-

coil domain and examining STAT1 expression and ZIKV infection in the cells. 

 

Figure 3-3. Major domains of AMOTL2. 
Black boxes represent LPTY/PPxY domains. The green box represents a phosphorylation site at serine 159. The 
light blue region is a coiled-coil domain. The dark green region at the C-terminus is a PDZ-binding motif. 
From Wigerius, M., Quinn, D., & Fawcett, J. P. (2020). Emerging roles for angiomotin in the nervous 
system. Science signaling, 13(655), eabc0635. https://doi.org/10.1126/scisignal.abc0635. Reprinted with permission 
from AAAS. 
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3.7 Conclusion 

From the results of a large CRISPR screen, I discovered that AMOTL2 plays an 

important role in the potency of IFN-mediated restriction of ZIKV. This work improves our 

understanding of the human innate immune response against ZIKV and raises new, interesting 

questions about the possible role of AMOTL2 in restriction of other viruses. Given the ongoing 

threat posed by ZIKV’s predicted re-emergence and ability to cause severe disease, there remain 

many unknowns regarding the immune response to ZIKV and ZIKV pathogenesis, and we have 

no approved vaccine nor specific treatment for the virus. Host genes involved in the type I IFN 

response have been shaped over millions of years of evolution in the host-virus arms race. These 

host factors therefore represent an attractive target for better understanding the basic biology of 

host-pathogen interactions and may help us to leverage pathways used by the host to limit viral 

replication. Ultimately, this knowledge could inform the development of new therapeutics. 
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Chapter 4 (Appendix A): Derivation of an HIV Risk Score for African 

Women Who Engage in Sex Work 

 This appendix describes work that is independent from the main topic of this thesis. A 

version of this work is published in AIDS and Behavior: 

Willcox, A. C., Richardson, B. A., Shafi, J., Kabare, E., Kinuthia, J., Jaoko, W., Mandaliya, K., Overbaugh, J., & 
McClelland, R. S. (2021). Derivation of an HIV Risk Score for African Women Who Engage in Sex Work. AIDS 
and Behavior, 25(10), 3292–3302. https://doi.org/10.1007/s10461-021-03235-7 
 

4.1 Abstract 
 

No tool exists to stratify HIV risk in contemporary African female sex worker (FSW) 

populations. Data from a cohort of HIV-negative FSWs in Mombasa, Kenya from 2010 to 2017 

were used to conduct a survival analysis assessing predictors of HIV infection. Stepwise 

regression was used to construct a multivariable model that formed the basis for the score. 

Seventeen HIV infections occurred over 1247 person-years of follow-up contributed by 670 

women. Using depot medroxyprogesterone acetate (DMPA), having a curable sexually 

transmitted infection (STI), and being married contributed points to the score. HIV incidence 

was 0.85/100 person-years in a lower-risk group and 3.10/100 person-years in a higher-risk 

group. In a cohort with overall HIV incidence < 1.50/100 person-years, this risk score identified 

a subgroup of FSWs with HIV incidence > 3.00/100 person-years, which is the threshold used by 

the World Health Organization for initiating pre-exposure prophylaxis (PrEP). If validated in an 

external population, this tool could be useful for targeted PrEP promotion among higher-risk 

FSWs. 
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4.2 Introduction 

African cisgender women who engage in sex work (female sex workers; FSWs) have 

been disproportionately burdened by HIV since the epidemic began [134]. Antiretroviral therapy 

(ART) has reduced mortality among HIV-infected individuals, but slower progress has been 

made in limiting new infections: AIDS-related mortality and HIV incidence declined by 39% 

and 23% from 2010 to 2019, respectively [135]. Major gaps remain in delivery of HIV 

prevention services to FSWs [136], who are 13 times more likely to acquire HIV than other adult 

women [137]. 

As pre-exposure prophylaxis (PrEP) availability expands in Africa, several studies have 

reported low PrEP uptake, adherence, and retention among FSWs, though results vary in 

different contexts [138-140]. Qualitative data have revealed several barriers that hinder PrEP use 

among African FSWs, including lack of knowledge about PrEP, lack of confidence about its 

efficacy, stigma associated with taking an HIV drug, concerns about side effects, and difficulty 

adhering to daily medication [141-144]. Importantly, risk perception may improve PrEP uptake 

and adherence. Studies in several populations have shown that perceived risk of acquiring HIV is 

associated with self-reported PrEP adherence [139], and PrEP users align periods of greater 

adherence with engagement in risky behaviors [145,146]. These data suggest that improved risk 

assessment combined with risk-appropriate counseling could improve PrEP use in at-risk 

individuals. 

Among African countries, Kenya, Côte d’Ivoire, Eritrea, Nigeria, South Africa and South 

Sudan recommend offering PrEP for HIV prevention to all FSWs [147]. By contrast, the World 

Health Organization (WHO) encourages use of an incidence-based system, recommending that 

PrEP be offered in populations with an HIV incidence at or above three per 100 person-years 
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[148]. With incidence rates on the decline, FSW populations no longer uniformly qualify for 

PrEP based on the WHO threshold [149-154]. Given this background, it may no longer be useful 

to group all FSWs together as uniformly high-risk. 

Risk scores are useful for identifying individuals at increased risk of acquiring HIV. 

These scores have been developed for adults in the United States [155], men who have sex with 

men in the United States [156-158] and Kenya [159], heterosexual serodiscordant couples in 

Africa [160], adults in Uganda [161], pregnant and postpartum women in Kenya [162], and 

African women [163]. Given the increasing number of FSW populations with an HIV incidence 

below the WHO threshold for PrEP initiation [149-154], the need to focus PrEP resources on 

those at greatest risk, and the possibility that a more accurate perception of increased risk could 

improve PrEP use, development of a risk score for African FSWs holds potential for informing 

PrEP delivery for this key population. The analyses presented in this study utilize data from the 

Mombasa Cohort, an open cohort study of FSWs in Mombasa, Kenya, to derive an HIV risk 

score algorithm for this population. Once externally validated, this tool may be helpful for 

identifying women with elevated risk in other FSW populations with overall incidences below 

the WHO threshold of three per 100 person-years. 

4.3 Results 

A total of 670 women contributed 1,757 risk intervals in this study. A median of two 

(interquartile range [IQR] 1-4) risk intervals were contributed per woman. Seventeen HIV 

infections occurred over 1,247 person-years of follow-up, for an incidence of 1.36 per 100 

person-years (95% CI 0.79-2.18). For the survival analysis, 33 visits with missing data were 

excluded. A complete case analysis was performed using the 1,724 risk intervals, contributed by 

660 women, which remained after exclusion of the visits with incomplete data. 
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Baseline characteristics of the 660 women are presented in Table 4-1. Their median age 

was 31 (IQR 26-37) years. Only nine (1.4%) reported that they were married. Of the 547 (82.9%) 

who reported sexual activity in the past week, 390 (71.3%) reported 100% condom use. Among 

those sexually active in the past week, the median frequency of sex was three (IQR 2-5), and the 

median number of partners was two (IQR 1-4). The most common form of modern non-barrier 

contraception was DMPA with 110 (16.7%) women reporting use. Sexually transmitted 

infections (STIs) were common, with 68 (10.3%) women having one or more of the four curable 

STIs (N. gonorrhoeae, C. trachomatis, T. vaginalis, and syphilis), and 417 (63.2%) women with 

HSV-2 seropositivity. 

 

Table 4-1: Baseline characteristics of 660 HIV-seronegative women in Mombasa Cohort, 2010-2017 

Variable 
Median (IQR) or 
number (%)* 

Age 31 (26, 37) 
Education (years) 8 (7, 12) 
Married 9 (1.4%) 
Alcohol use 523 (79.2%) 
Sexually active in past week 547 (82.9%) 
  100% condom use in past week† 390 (71.3%) 
  Sex acts in past week† 3 (2, 5) 
  Sex partners in past week† 2 (1, 4) 
Contraceptive method 
   None/condoms only 
   DMPA 
   Implant 
   Intrauterine contraceptive device 
   Tubal ligation 
   Other 

 
425 (64.4%) 
110 (16.7%) 
61 (9.2%) 
16 (2.4%) 
11 (1.7%) 
37 (5.6%) 

Vulvitis 107 (16.2%) 
Genital ulcer disease 4 (0.6%) 
Cervical mucopus 16 (2.4%) 
Any curable STI‡ 
    Chlamydia trachomatis 
   Neisseria gonorrhoeae 
   Trichomonas vaginalis 
   Syphilis 

68 (10.3%) 
36 (5.5%) 
20 (3.0%) 
14 (2.1%) 
5 (0.8%) 

HSV-2 seropositive 
   Yes 
   Unknown 

 
417 (63.2%) 
134 (20.3%) 
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STI, sexually transmitted infection; DMPA, depot medroxyprogesterone acetate; HSV, herpes simplex virus. 
* For women who contributed more than one risk interval, only data from the first visit are included here. 
† Calculated among women who were sexually active in the past week. 
‡ Any one or more of Chlamydia trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis, or syphilis. 

 

Of the variables assessed for an association with HIV infection risk, seven were included 

in the forward stepwise model building based on having a univariable HR p-value less than 0.15 

(Table 4-2). These included DMPA use (HR 3.51, 95% CI 1.33-9.28, Wald chi-square 6.43, 

p=0.01), any curable STI (HR 3.81, 95% CI 1.26-11.54, Wald chi-square 5.58, p=0.02), marital 

status (HR 6.32, 95% CI 0.78-50.99, Wald chi-square 2.99, p=0.08), genital ulcer disease (HR 

5.81, 95% CI 0.78-43.29, Wald chi-square 2.95, p=0.09), alcohol use (HR 0.43, 95% CI 0.16-

1.18, Wald chi-square 2.68, p=0.10), vulvitis (HR 2.37, 95% CI 0.83-6.74, Wald chi-square 2.60, 

p=0.11), and cervical mucopus (HR 4.82, 95% CI 0.66-35.17, Wald chi-square 2.41, p=0.12) 

(Table 4-2). The final multivariable model used to derive point values for the risk score retained 

DMPA (adjusted HR [aHR] 3.81, 95% CI 1.42-10.19, Wald chi-square 7.08, p=0.01), any 

curable STI (aHR 3.99, 95% CI 1.32-12.05, Wald chi-square 6.04, p=0.01), and marital status 

(aHR 11.44, 95% CI 1.31-99.90, Wald chi-square 4.86, p=0.03). All HRs were calculated using a 

GEE model that accounted for multiple measurements of risk factors in cases where women 

contributed more than one risk interval to the analysis. 

A risk score was calculated for each woman at the start of each risk interval by summing 

the risk score point values shown in Table 4-2. Of the 1,724 risk intervals evaluated, 1,312 

(76.1%) had a risk score of zero, 374 (21.7%) had a risk score of one, and 38 (2.2%) had a risk 

score of two. Higher scores were possible, but were not observed, as no woman who reported 

being married also had a curable STI or was using DMPA. The HIV incidence per 100 person-

years was 0.85 (95% CI 0.37-1.68) in women with a risk score of zero, 1.91 (95% CI 0.62-4.46) 
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in women with a risk score of one, and 13.76 (95% CI 3.70-35.21) in women with a risk score 

off two (Table 4-3). 

The ROC curve of the risk score in this dataset had an AUC of 0.67 (95% CI 0.52-0.82; 

Figure 4-1). This is higher than the AUCs of any of the individual predictors: 0.63 (95% CI 0.48-

0.77) for DMPA, 0.58 (95% CI 0.43-0.73) for STIs, and 0.53 (95% CI 0.38-0.67) for marriage. 

To simplify use of the score for identifying a group of FSWs who would qualify for PrEP under 

the WHO recommendations, a conservative binary cut-point was chosen to classify women into 

either a “lower-risk” (score = 0) or “high-risk” group (score ≥ 1). The binary cut-point 

corresponds to the blue circle on the ROC curve in Figure 4-1 and has a sensitivity and 

specificity for HIV acquisition of 53% and 76%, respectively, and a PPV and NPV of 2.2% and 

99.4%, respectively. The lower-risk group had an HIV incidence of 0.85 per 100 person-years, 

while the high-risk group had an incidence of 3.10 per 100 person-years. 
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Table 4-2: Univariable and multivariable analysis of potential risk factors for HIV acquisition and their contributions to the HIV 
risk score. 
 
HIV, human immunodeficiency virus; HR, hazard ratio; CI, confidence interval; DMPA, depot medroxyprogesterone acetate; 
PMNs, polymorphonuclear cells; STI, sexually transmitted infection; HSV-2, herpes simplex virus type 2 
* Person-years are rounded to nearest integer 

 
 

Variable 

 
 

Group 

Person
-years 

of 
follow-

up* 

 
HIV 

infections 

 
Incidence† 
(95% CI) 

 
HR (95% CI), 

Wald test (1 df)  

 
Univariable 

p-value 

Multi- 
variable 

regression 
coefficient 

Risk 
score 
points 

Demographic and behavioral 

Age‡ <25 104 2 1.92 (0.22, 6.92) 1.00    
≥25 1123 15 1.34 (0.75, 2.20) 0.71 (0.16, 3.15), 0.20 0.66   

Years of 
education§║ 

≤8 703 9 1.28 (0.58, 2.43) 1.00    
>8 524 8 1.53 (0.66, 3.01) 1.16 (0.45, 3.01), 0.10 0.76   

Years in 
sex work║ 

≤8 608 10 1.65 (0.79, 3.03) 1.00    
>8 619 7 1.13 (0.45, 2.33) 0.72 (0.28, 1.9), 0.43 0.51   

Workplace¶ Bar# 580 9 1.55 (0.71, 2.95) 1.00    
Other** 647 8 1.24 (0.53, 2.44) 0.79 (0.3, 2.04), 0.24 0.62   

Married†† No 1215 16 1.32 (0.75, 2.14) 1.00   0 
Yes 12 1 8.01 (0.10, 44.57) 6.32 (0.78, 50.99), 2.99 0.08 2.44 2 

Number of 
live births║ 

≤2 926 12 1.30 (0.67, 2.26) 1.00    
>2 301 5 1.66 (0.54, 3.88) 1.32 (0.47, 3.76), 0.28 0.60   

Alcohol 
use†

† 

No 231 6 2.60 (0.95, 5.66) 1.00    

Yes 996 11 1.10 (0.55, 1.98) 0.43 (0.16, 1.18), 2.68 0.10   

Vaginal 
washing§§ 

None 527 6 1.14 (0.42, 2.48) 1.00    
Any‡‡ 700 11 1.57 (0.78, 2.81) 1.34 (0.50, 3.62), 0.34 0.56   

Sexual activity and contraception 
Condomless 

sex§§ 
No 957 11 1.15 (0.57, 2.06) 1.00    
Yes 270 6 2.22 (0.81, 4.84) 1.92 (0.72, 5.17), 1.68 0.20   

Sexual 
partners║§§ 

≤1 664 9 1.36 (0.62, 2.57) 1.00    
>1 563 8 1.42 (0.61, 2.80) 1.01 (0.39, 2.63), 0.00 0.98   

Sexual 
acts║§§ 

≤2 754 12 1.59 (0.82, 2.78) 1.00    
>2 473 5 1.06 (0.34, 2.47) 0.64 (0.23, 1.82), 0.70 0.40   

Contraception
†† 

None/ 
other 1022 10 0.98 (0.47, 1.80) 1.00   0 

DMPA 205 7 3.42 (1.37, 7.04) 3.51 (1.33, 9.28), 6.43 0.01 1.34 1 
Clinical diagnoses 

Vulvitis†† No 1039 12 1.15 (0.60, 2.02) 1.00    
Yes 188 5 2.66 (0.86, 6.20) 2.37 (0.83, 6.74), 2.60 0.11   

Genital ulcer 
disease†† 

No 1214 16 1.32 (0.75, 2.14) 1.00    
Yes 13 1 7.44 (0.10, 41.39) 5.81 (0.78, 43.29), 2.95 0.09   

Cervical 
mucopus†† 

No 1211 16 1.32 (0.75, 2.15) 1.00    
Yes 16 1 6.22 (0.08, 34.60) 4.82 (0.66, 35.17), 2.41 0.12   

Laboratory diagnoses 

Bacterial 
vaginosis 

Nugent 
<7 876 11 1.26 (0.63, 2.25) 1.00    

Nugent 
≥7 351 6 1.71 (0.62, 3.72) 1.36 (0.50, 3.68), 0.37 0.54   

Vaginal 
candidiasis 

No 1087 17 1.56 (0.91, 2.50) 1.00    
Yes 140 0 0.00 (0.00, 2.62) —║║    

Endocervical 
PMNs 

<30 1196 17 1.42 (0.83, 2.28) 1.00    
≥30 31 0 0.00 (0.00, 11.70) —║║    

Any curable 
STI†† 

No 1137 13 1.14 (0.61, 1.96) 1.00   0 
Yes 90 4 4.44 (1.20, 11.37) 3.81 (1.26, 11.54), 5.58 0.02 1.38 1 

HSV-2 
No 127 1 0.79 (0.01, 4.38) 1.00    

Yes/un
known 1100 16 1.45 (0.83, 2.36) 1.86 (0.25, 13.92), 0.36 0.55   
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† Incidence per 100 person-years 
‡ Dichotomized at age 25, as in previous studies [163-166] 
§ Dichotomized at break-point between primary and secondary school 
║Dichotomized at median value 
¶ Dichotomized based on previous findings [167] 
# Includes bar, restaurant, and guesthouse 
** Includes nightclub, home-based sex work, and other 
†† Variables assessed for inclusion in multivariable model based on univariable p-value < 0.15 
‡‡ Includes washing with water only, based on previous findings [168] 
§§ In last week 
║║Model did not converge 
 
 

Table 4-3: HIV incidence by risk score 
HIV, human immunodeficiency virus; CI, confidence interval 
*Each participant could contribute more than one follow-up period (risk interval). 
**The group of women with a score of 2 due to concomitant DMPA use and STI positivity totaled 22 risk intervals, 17 person-
years, and 3 infections. The group of women with a score of 2 due to being married totaled 16 risk intervals, 12 person-years, and 
1 infection. 
 
 
 
 

 

Figure 4-1. Receiver operating characteristic curve of the risk score. 
ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence interval. ROC curve showing 
sensitivity and specificity for the two possible cut-points of the risk score. The blue circle represents the cut-point 
chosen for a binary risk score 
 

Score 
 

Risk intervals* 
Person-years of 

follow-up 
HIV 

infections 
Incidence per 100 person-

years (95% CI) 
0 1312 936 8 0.85          (0.37-1.68) 
1 374 262 5 1.91          (0.62-4.46) 

2** 38 29 4 13.76        (3.70-35.21) 
Total 1724 1227 17 1.39          (0.81-2.22) 
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4.4 Discussion 

In this study, a simple risk score stratified FSWs in Mombasa into a lower-risk or high-

risk group based on the presence of one or more risk factors including using DMPA, being 

married, and having a curable STI (N. gonorrhoeae, C. trachomatis, T. vaginalis, or syphilis). If 

this tool is externally validated, it could provide a useful means of stratifying risk in populations 

of FSWs where the overall risk of HIV infection is less than 3% per year, allowing targeted PrEP 

counseling and delivery for those women most likely to benefit. 

In the binary risk categories created by this risk score, the high-risk group included 

women with a score of one or two, with the latter category comprising a small group of women 

with a very high incidence of 13.76 per 100 person-years. Women in this group were either 

married or had both DMPA use and STI positivity as risk factors. Though a conservative 

approach was applied here to consider all women with a score greater than zero as high-risk, the 

highest-risk subcategory of women could also be considered separately, especially as overall 

incidence rates continue to decline. 

This risk score is unique in targeting African FSWs, a particularly vulnerable population. 

Notably, the risk factors described here differ from those used in risk scores for other populations 

of African women. For example, in scores developed for general population African women 

[161,163], risk points are added for younger age, more risky sexual practices (e.g., sexual 

concurrency, having a primary partner with other partners), and being unmarried. In contrast, in 

this cohort of FSWs, reporting being married, though rare, was an important contributor to a 

higher risk score. Age and sexual practices did not contribute to the score. These important 

differences illustrate the necessity of developing an HIV risk score adapted to the unique risk 

context of women who report engaging in transactional sex. A 2014 study estimated that 4% of 
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adult women in Kenya may engage in transactional sex [169], indicating that this risk score 

could be applicable to a substantial proportion of the population. 

While the link between marriage and higher HIV risk may initially seem surprising, 

multiple studies have established that FSWs use condoms less frequently with partners who are 

long-term, intimate, cohabitating, or non-paying [170-174]. In a qualitative study of FSWs in the 

Mombasa Cohort, an important emerging theme was that women perceived more power in 

negotiating condom use with short-term clients [175]. Some women even reported avoiding 

long-term sexual relationships because of concern that they would not be able to insist on 

condom use. Several studies have also shown that HIV prevalence is higher among FSWs’ 

boyfriends than their clients [176,177]. These data underscore that while emphasis is often 

placed on the importance of consistent condom use with clients, non-paying partners may 

contribute more to incident HIV infections in FSWs. It is also possible that women who report 

both transactional sex and being married are a subgroup experiencing more extreme financial 

pressure or are simply willing to take more risks. 

Current use of DMPA was the most statistically significant predictor of infection 

contributing to the risk score in this FSW population. There has been a consistent association 

between DMPA use and HIV risk in the Mombasa Cohort for over 20 years [167,178,179]. In 

addition, numerous studies have examined the association between DMPA use and HIV 

acquisition in other populations. Many, though not all, have observed an association similar to 

that seen in the Mombasa Cohort. A 2016 systematic review and meta-analysis of studies 

examining this association reported an overall increased risk of HIV among women using 

DMPA, but noted that results of the individual studies varied widely [180]. Recently, the only 

study that randomly assigned women at risk for HIV to different contraceptive methods found no 
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statistically significant increased risk associated with DMPA use compared to the copper IUD or 

the levonorgestrel implant [181]. Taken together, these data indicate that regardless of whether 

DMPA has a biological effect on HIV susceptibility, it remains a fairly consistent marker of 

women’s risk of HIV acquisition. 

Having any of the most common curable STIs (N. gonorrhoeae, C. trachomatis, T. 

vaginalis, and syphilis) predicted HIV infection and contributed to the risk score developed in 

this analysis. It is well established that STIs are associated with higher risk of both acquiring and 

transmitting HIV [182-185]. Global STI incidence remains extremely high, with an estimated 

376 million new infections of these four common STIs every year [186]. This evidence makes a 

strong case for addressing STIs and HIV concurrently and lends support to the benefits of 

performing regular and sensitive STI testing in populations at risk for HIV. 

This study had several strengths. The Mombasa Cohort is a large, well-characterized 

cohort with data available to examine many variables as possible contributors to a risk score. The 

overall incidence of HIV in the cohort is well below the WHO threshold of three per 100 person-

years for PrEP initiation, so this group of women is representative of the type of FSW population 

that might benefit from a targeted approach for PrEP delivery. Despite the low overall incidence, 

the risk score identified a subgroup of women with an incidence above three per 100 person-

years. The score also has acceptable predictive value, given that its AUC of 0.67 falls in the 

range of AUCs of other published HIV risk scores (0.66 to 0.85) [155-161,163]. Another 

strength was the use of NAATs to diagnose N. gonorrhoeae and C. trachomatis, as these 

methods are considerably more sensitive than classical microbiological approaches [187]. 

Several limitations of this study are important to consider. Stepwise regression has 

several drawbacks, including the production of biased regression coefficients and the potential 
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for the model to perform poorly when tested out-of-sample [188]. This method of model 

selection was used for consistency with the methods of many other risk scores, including most 

published HIV risk scores [156,158-163]. In addition, variables in the final model were carefully 

reviewed by the investigators and were noted to be behaviorally and biologically plausible risk 

factors for HIV acquisition that align closely with known risk factors for FSWs. Given only 

seventeen HIV infections, the power of the analysis to identify correlates of HIV infection was 

limited. In addition, several demographic variables including marriage were collected only at 

enrollment, so there may have been misclassification of these variables at entry into the risk 

intervals. In general, this non-differential misclassification would be most likely to attenuate the 

observed associations with HIV acquisition. An additional limitation related to the marriage data 

was the very low proportion of women who reported that they were married, resulting in the high 

incidence among married women being driven by a single HIV infection and a small number of 

person-years. This resulted in large confidence intervals and casts some uncertainty over the 

utility of marriage as a risk score variable for other populations of FSWs. Nonetheless, given the 

data supporting an association between regular partnerships and riskier sexual behaviors in 

FSWs [170-174], it seems plausible that marriage may be a useful variable in the risk score. 

Finally, the small number of infections precluded internal validation of the score by bootstrap 

resampling analysis or splitting the dataset into a derivation and validation subset. As such, there 

remains a need to validate this risk score in an independent cohort. 

The impetus leading to development of this risk score was the fact that most FSWs in the 

Mombasa Cohort decline PrEP. The goal was to identify women who would most benefit from 

PrEP so that effort can be focused on those women in whom it will have the greatest impact on 

transmission. In this analysis, the low- and high-risk groups had 8 and 9 infections over 936 and 
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291 years of follow-up, respectively. This suggests that a similar number of infections could be 

averted in a smaller number of person-years by focusing on women with particular risk factors. 

The fact that many groups of FSWs now fall below the 3% annual HIV incidence threshold 

suggested by WHO does not necessarily mean that PrEP should not be offered to “lower-risk” 

FSWs. Indeed, there may be an added prevention benefit at the population level, given their 

likelihood of transmitting HIV to others if they do become infected. Rather, the risk stratification 

system developed here may allow programs to decide how best to allocate time, energy, and 

resources for promoting and delivering PrEP in FSW populations with an overall HIV incidence 

below 3%. 

In conclusion, this study presents the derivation of a risk score that could be applied to 

identify those FSWs who would receive the greatest benefit from PrEP. The next step is to 

validate this tool either with prospective data from the Mombasa Cohort or in other populations. 

In FSW populations where overall HIV incidence is substantially below 3% annually, identifying 

and targeting individuals with a predicted risk ≥ 3% may offer important HIV prevention 

benefits at a population level and would be a more cost-effective way of delivering PrEP [189-

191]. In addition, this risk score may provide a framework to guide individualized counseling 

with FSWs to support PrEP initiation, adherence, and retention. 

4.5 Materials and Methods 

Population and procedures 

Since 1993, the Mombasa Cohort has enrolled women who report exchanging sex for 

cash or in-kind payment in a long-term open cohort study of risk factors for HIV acquisition. 

Women are continuously recruited through outreach activities in local bars, nightclubs, and 

brothels. At enrollment, women provide extensive demographic and behavioral data in a 
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standardized interview with a study nurse. Women are invited to return for monthly follow-up 

visits during which they are interviewed on recent sexual and medical history, have blood drawn 

for laboratory testing, and undergo a pelvic examination that includes collection of specimens for 

laboratory diagnosis of genital tract infections. Women presenting with symptoms of STIs are 

offered free syndromic management during the visit. Asymptomatic laboratory-confirmed 

infections are treated using pathogen-directed therapy when women return for test results 7 days 

later. HIV incidence in the cohort has declined dramatically over time, from 17.1 per 100 person-

years in 1993 to below 2 per 100 person-years since 2010 [149,192]. Further details of the cohort 

have been described previously [149,193,194]. 

For this study, data from January 2010 through June 2017 were analyzed. Eligible 

participants included women who had at least one clinic visit on or after January 1, 2010, at 

which they tested negative for HIV and had STI testing performed for gonorrhea, chlamydia, 

trichomoniasis, and syphilis (described in “Laboratory methods” below). In addition, participants 

eligible for this cohort analysis had to return for at least one follow-up visit with HIV testing 

within one year of their baseline visit. All women provided written informed consent to 

participate in the research. This study was approved by the Institutional Review Boards at 

Kenyatta National Hospital and the University of Washington. 

Laboratory methods 

HIV serostatus was determined by ELISA at every visit. The Detect HIV 1-2 test 

(Biochem Immunosystems, Montreal, Canada) was used through January 2010, and the Pishtaz 

HIV 1,2 ELISA (Pishtaz Teb Diagnostics, Tehran, Iran) was used from February 2010 through 

April 16, 2014. Vironostika HIV-1 Uni-Form II Ag/Ab (bioMerieux, Marcy I’Etoile, France) 

was used as a confirmatory test from January 2010 through April 16, 2014. On April 17, 2014, 
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all tests were switched to fourth generation HIV 1/2 rapid testing platforms, with the Determine 

Assay (Alere International Ltd, Galway, Ireland) as the initial test and the Unigold assay (Trinity 

Biotech, Bray, Ireland) as the confirmatory test. Confirmatory tests were only performed on 

individuals with a positive initial test. 

For women who seroconverted, HIV viral load was measured retrospectively in stored 

samples (collected at every previous visit) to determine the date of the first HIV RNA-positive 

sample using the Hologic/Gen-Probe quantitative HIV-1 assay (Aptima, Hologic/Gen Probe, San 

Diego, CA) to more closely define the time of infection, as described previously [195]. Plasma 

samples from each HIV-seronegative visit were stored at -80°C prior to testing. 

Neisseria gonorrhoeae and Chlamydia trachomatis were detected by nucleic acid 

amplification testing (NAAT; Aptima, Hologic/Gen Probe, San Diego, CA). Trichomonas 

vaginalis and vaginal candidiasis were detected by microscopic examination of vaginal wet 

mounts. Syphilis was defined as a positive rapid plasma reagin (RPR) blood test with 

confirmation based on a positive Treponema pallidum hemagglutination (TPHA) test. Herpes 

simplex virus type 2 (HSV-2) infections were detected by ELISA (HerpeSelect 2; Focus 

Diagnostics, Cypress, California, USA), with an OD value of 2.1 or above considered positive 

[194]. Bacterial vaginosis (BV) was detected by microscopic examination of a Gram stain and 

defined based on the criteria of Nugent and Hillier [196]. Cervicitis was defined as an average of 

30 or more polymorphonuclear leukocytes per high-power field of Gram-stained cervical 

secretions. 

Statistical analyses 

The approach to analysis was guided with the explicit goal of creating a risk score. Many 

variables were tested that may serve as good markers of risk, regardless of whether these 
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variables are the direct cause of HIV acquisition (e.g., workplace, marital status, years in sex 

work). Such variables are often easier to measure and less subject to recall or social desirability 

bias than variables more directly affecting HIV acquisition (e.g., condom use). All continuous 

variables were dichotomized to simplify use of the score. Additionally, since the goal of a risk 

score is to use a set of variables assessed at baseline to predict risk prospectively, we did not use 

time-varying exposures (in contrast to many previous studies analyzing data from the Mombasa 

Cohort). 

Variables assessed for an association with HIV acquisition included known risk factors 

from the literature, published risk scores, previous studies of and the investigators’ in-depth 

knowledge of the Mombasa Cohort, and discussions with other investigators leading FSW 

cohorts. The following self-reported variables were considered: marital status, alcohol use, 

condomless sex in the last week, sexual partners in the last week, sexual frequency in the last 

week, number of live births, age, years of education, workplace (bar/restaurant, nightclub, or 

other), depot medroxyprogesterone acetate (DMPA) use, vaginal washing in the last week, and 

years in sex work. The following variables assessed by physical examination or laboratory 

testing were also considered: vulvitis, genital ulcer disease, cervical mucopus visualized on 

speculum-assisted examination, laboratory-defined cervicitis, any curable STI (Neisseria 

gonorrhoeae, Chlamydia trachomatis, Trichomonas vaginalis, or syphilis), HSV-2 infection, 

BV, and vaginal candidiasis. Data for marital status, alcohol use, number of live births, years of 

education, and workplace were collected only at enrollment in the cohort. Continuous variables 

were dichotomized at the median value from all follow-up periods (risk intervals) contributed, 

unless there was a breakpoint that was better supported by published data. Prior to the decision to 

dichotomize all continuous variables, multiple categorizations of continuous variables were 
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examined. Changing the number of categories and the break points for categories did not change 

the association of any variable with HIV acquisition. 

A survival analysis was performed to evaluate the association between baseline variables 

and HIV acquisition during a maximum follow-up of one year. After censoring at one year, 

women who remained uninfected were able to re-enter this analysis on or after their date of 

censoring and contribute additional risk intervals. 

For women who became infected with HIV and had a positive viral load first measured at 

or after seroconversion, the date of infection was estimated as the midpoint between the last 

seronegative and first seropositive visit. Though women were invited to return for monthly 

follow-up visits, some returned less often. Misestimating the date of HIV infection by several 

months would be expected to have a minimal effect on the calculated hazard ratios, given the 

large number of total person-years at risk and the relatively small number of HIV infections for 

which this misestimation occurs. For women with a detectable viral load prior to seroconversion 

(i.e., HIV RNA was detected but antibodies were not), indicating a very recent infection, the date 

of infection was estimated to be 17 days prior to the positive viral load, as described previously 

[195,197,198].  

Follow-up time was censored at the estimated date of HIV infection (for women who 

became infected) or date of the last HIV test within one year of the baseline visit (for women 

who remained uninfected), for each risk interval. Incidence rates are reported with Taylor series 

confidence intervals (CIs). 

A generalized estimating equation (GEE) model with a Poisson (log) link, independent 

correlation structure, and time as an offset variable was used to calculate hazard ratios (HRs) 

with Wald CIs for exposure variables. This approach accounts for within-participant correlation 
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in women who contributed more than one risk interval. Variables with univariable HR p-values 

of less than 0.15 were assessed for inclusion in a multivariable model by manual forward 

stepwise model-building. Variables were added to the model in order of ascending univariable p-

values. Newly added variables were retained in the model if the p-values of existing variables in 

the model remained below 0.15 [199]. The final model retained only multivariable p-values less 

than 0.05. A backward stepwise model-building approach resulted in the same model. 

The final multivariable model created using GEE formed the basis for the HIV risk score. 

Points were assigned to individual predictors by dividing each regression coefficient by the 

smallest regression coefficient in the model and rounding to the nearest integer. 

The risk score’s performance in the Mombasa Cohort was assessed by calculating HIV 

incidences for each risk score group and generating a receiver operating characteristic (ROC) 

curve to assess the score’s performance and select an optimal binary cut-point. Sensitivity, 

specificity, positive predictive value (PPV), and negative predictive value (NPV) of the binary 

score were calculated using units of risk intervals. 

Analyses were performed using IBM SPSS 26.0 (IBM, Kirkland, Washington, USA) and 

OpenEpi [200]. 
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Chapter 5 (Appendix B): Detailed analysis of antibody responses to SARS-

CoV-2 vaccination and infection in macaques 

This appendix describes work that is independent from the main topic of this thesis. A 

version of this work is published in PLOS Pathogens: 

Willcox, A. C., Sung, K., Garrett, M. E., Galloway, J. G., Erasmus, J. H., Logue, J. K., Hawman, D. W., Chu, H. Y., 
Hasenkrug, K. J., Fuller, D. H., Matsen Iv, F. A., & Overbaugh, J. (2022). Detailed analysis of antibody responses to 
SARS-CoV-2 vaccination and infection in macaques. PLOS Pathogens, 18(4), e1010155. 
https://doi.org/10.1371/journal.ppat.1010155 
 

5.1 Abstract 

Macaques are a commonly used model for studying immunity to human viruses, 

including for studies of SARS-CoV-2 infection and vaccination. However, it is unknown 

whether macaque antibody responses resemble the response in humans. To answer this question, 

we employed a phage-based deep mutational scanning approach (Phage-DMS) to compare which 

linear epitopes are targeted on the SARS-CoV-2 Spike protein in convalescent humans, 

convalescent (re-infected) rhesus macaques, mRNA-vaccinated humans, and repRNA-vaccinated 

pigtail macaques. We also used Phage-DMS to determine antibody escape pathways within each 

epitope, enabling a granular comparison of antibody binding specificities at the locus level. 

Overall, we identified some common epitope targets in both macaques and humans, including in 

the fusion peptide (FP) and stem helix-heptad repeat 2 (SH-H) regions. Differences between 

groups included a response to epitopes in the N-terminal domain (NTD) and C-terminal domain 

(CTD) in vaccinated humans but not vaccinated macaques, as well as recognition of a CTD 

epitope and epitopes flanking the FP in convalescent macaques but not convalescent humans. 

There was also considerable variability in the escape pathways among individuals within each 

group. Sera from convalescent macaques showed the least variability in escape overall and 
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converged on a common response with vaccinated humans in the SH-H epitope region, 

suggesting highly similar antibodies were elicited. Collectively, these findings suggest that the 

antibody response to SARS-CoV-2 in macaques shares many features with humans, but with 

substantial differences in the recognition of certain epitopes and considerable individual 

variability in antibody escape profiles, suggesting a diverse repertoire of antibodies that can 

respond to major epitopes in both humans and macaques. Differences in macaque species and 

exposure type may also contribute to these findings. 

5.2 Introduction 

The COVID-19 pandemic has created a pressing need to understand immunity to SARS-

CoV-2, both in the setting of vaccination and infection. This has prompted numerous studies in 

non-human primates (NHPs), which are considered the most relevant animal model for studying 

many infectious diseases of humans. Various NHP models have been employed to study the 

immunogenicity and protective efficacy of SARS-CoV-2 vaccine candidates, with most studies 

using macaque species including rhesus macaques (Macaca mulatta) [201-223], cynomolgus 

macaques (Macaca fascicularis) [208,224-232], and pigtail macaques (Macaca nemestrina) 

[222,233-235]. Some of these models have also been used to study infection and re-infection 

[235-239]. In the NHP model, studies typically measure virus neutralizing antibody responses to 

vaccination or infection. However, no study has investigated the fine binding specificities of both 

neutralizing and non-neutralizing SARS-CoV-2 antibodies in macaques and how they compare 

to the human responses they are meant to model. 

Coronaviruses such as SARS-CoV-2 enter host cells using their Spike glycoprotein, 

which is composed of trimeric S1 and S2 subunits. Receptor-binding S1 homotrimers protrude 

out from the surface of the virion like a crown, giving this family of viruses its name, while the 
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fusion-mediating S2 trimers anchor the protein to the viral membrane. On S1, the receptor-

binding domain (RBD) of SARS-CoV-2 Spike protein binds to angiotensin-converting enzyme 2 

(ACE2) on host cells [240,241]. For subsequent membrane fusion to occur, the Spike protein 

must be cleaved by host cell proteases at the S1/S2 boundary and at an S2’ site located just 

upstream of the fusion peptide (FP) of S2 [242], leading to substantial conformational changes 

that likely unmask new epitopes of S2 to immune cells [243].  

Antibodies to SARS-CoV-2 Spike protein are especially interesting as a potential 

correlate of protection, as they have the capacity to block infection and kill infected cells [244-

247]. There has understandably been great interest in studying neutralizing antibodies against the 

RBD, given that such antibodies can directly block interaction with host cells. While RBD-

directed antibodies indeed contribute disproportionately to neutralization [248], the majority of 

the anti-Spike plasma IgG response in convalescent individuals is directed to epitopes outside of 

the RBD [249,250]. RBD-directed antibodies are also less likely to maintain activity against 

future viral strains, given the increasing number of variants of concern that harbor mutations in 

the RBD and have reduced sensitivity to neutralization by immune plasma [251]. Additionally, 

growing evidence from studies in humans and animal models indicates that non-neutralizing 

antibodies play a role in protection [252-254]. 

Previous studies have used Phage-DMS [255], a tool that combines phage display of 

linear epitopes with deep mutational scanning, to interrogate the fine binding specificities and 

escape profiles of binding antibodies against all domains of Spike in infected and vaccinated 

humans [256,257]. These studies have shown that infection-induced human polyclonal 

antibodies consistently bind linear epitopes in the FP and stem helix-heptad repeat 2 (SH-H) 

epitope regions, with patient-to-patient variability in escape profiles [256]. Comparatively, 
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mRNA vaccination induces a broader antibody response across Spike protein with more 

consistent escape profiles [257]. 

In this study, we built on this foundation by using Phage-DMS to study the binding and 

escape profiles of antibodies in repRNA-vaccinated pigtail macaques and convalescent (re-

infected) rhesus macaques in comparison to mRNA-vaccinated humans and convalescent 

humans. Our data reveal broad overlap in some major epitopes targeted by both macaques and 

humans, though neither vaccinated nor convalescent macaques perfectly model the human 

response. We also find considerable variability in individuals’ antibody escape pathways in most 

epitope regions in both macaques and humans. The broadest responses were seen in vaccinated 

humans and re-infected rhesus macaques, groups that also share more concordant escape 

profiles. These results have implications for the interpretation of COVID-19 macaque research 

studies. 

5.3 Sample details 
 

Four groups were included in this study: vaccinated pigtail macaques, vaccinated 

humans, convalescent (re-infected) rhesus macaques, and convalescent humans (Table 5-1). The 

vaccinated macaques received a replicating mRNA (repRNA) vaccine encoding the full-length 

wildtype (not pre-fusion stabilized) SARS-CoV-2 A.1 lineage Spike protein formulated with a 

cationic nanocarrier [235,258]. The vaccine was delivered as a prime-only 25μg (n=3) or 250μg 

(n=6) dose or prime-boost 50μg dose (n=2), with plasma collected 42 days after the first dose 

(n=9) or 14 days after the second dose (n=2). The vaccinated humans received two doses of the 

100μg Moderna mRNA-1273 vaccine encoding the pre-fusion stabilized full-length SARS-CoV-

2 A.1 lineage Spike protein and formulated with a lipid nanoparticle. Serum was collected from 

human vaccinees 36 days after the first dose (7 days after the second dose). The convalescent 
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macaques were depleted of CD4+ T cells, CD8+ T cells, CD4+ and CD8+ T cells, or neither as 

part of a previous study. They were infected twice with SARS-CoV-2, with infections spaced six 

weeks apart and serum collected 56 days after the first infection (14 days after the second 

infection). The T cell depleted animals were not excluded based on a detailed analysis of the 

humoral response in these macaques, which suggested that neither CD4+ nor CD8+ T cells were 

critical for the development of anamnestic antibody responses, neutralizing antibodies, or 

protection from re-infection [239]. The convalescent humans were naturally infected once with 

SARS-CoV-2 and exhibited mild disease, with a median of 67 days between symptom onset and 

sample collection. Details of individual participants are available in Table S1. 

Group Number 
of 
samples 

Age 
range 
(years) 

Treatment Time of sample collection 

Vaccinated 
pigtail 
macaques 

11 3 ½ - 6 repRNA vaccine encoding full-length 
SARS-CoV-2 Spikea 

42 days post 1st dose (prime-
only, n=9) or 14 days post 2nd 
dose (prime-boost, n=2) 

Vaccinated 
humans 

15 18 - 55 100μg mRNA vaccine encoding full-
length pre-fusion stabilized SARS-
CoV-2 Spike (Moderna) 

36 days post 1st dose 

Convalescent 
rhesus 
macaques 

12 2 ½ - 5 Infected twice with SARS-CoV-2 six 
weeks aparta 

56 days post 1st infection (14 
days post 2nd infection) 

Convalescent 
humans 

12 28 - 52 Naturally infected once with SARS-
CoV-2 (mild disease) 

Median 67 (IQR 62, 70) days 
post symptom onset 

Table 5-1. Details of samples used in the current study. 
aWithin each group of macaques, subgroups received slightly different treatments (described in Table S1). 

 
5.4 Enrichment of wildtype peptides 

To compare which regions of Spike protein are recognized by human and macaque 

antibodies, we examined the enrichment of wildtype peptides by antibodies from each individual 
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(Fig 5-1A). Broadly speaking, binding was observed in the NTD, CTD, FP, and stem helix-HR2 

epitope regions as reported previously in human studies [256,257]. Epitope regions (shown as 

different colors on Fig 5-1) were defined as previously [257]: NTD, amino acid 285-305; FP, 

805-835; stem helix-HR2 (SH-H), 1135-1170. For the CTD, the bounds of epitope regions were 

expanded and altered from previous studies based on macaque antibodies recognizing a wider 

area than previously seen in humans: CTD-N’, 526-593; CTD-C’, 594-685 (S1A Fig). Several 

additional epitopes that flank previously-defined regions were also identified in this analysis: 

pre-FP, 777-804; post-FP, 836-855 (S1B Fig); and HR2, 1171-1204 (S1C Fig). Specific epitope 

regions can be visualized on the structure of a Spike protein monomer in Fig 5-1B. In addition to 

these defined regions, we noted that one convalescent rhesus macaque appeared to weakly 

recognize an epitope at the beginning of the S2 subunit (amino acid 686-710, Fig 5-1A). 

In general, we did not detect responses in the RBD because many epitopes in this region 

are known to be conformational, and Phage-DMS only has the power to detect epitopes that 

include linear sequences. Epitopes in the RBD have been extensively detailed elsewhere 

[259,260]. However, we did detect strong binding to an RBD epitope in some vaccinated pigtail 

macaques (Fig 5-1A). This same region was enriched in samples from before vaccination in four 

of the five pigtail macaques with baseline samples available (S2 Fig). Pre-infection serum from 

the twelve rhesus macaques did not show such a consistent response, though a few individuals 

did show strong enrichment of certain peptides (S2 Fig). Because these responses were present 

prior to vaccination with SARS-CoV-2 Spike or infection with SARS-CoV-2, we did not 

investigate them further as part of this study. These findings are likely the result of prior 

exposure to a different coronavirus, as has been documented for human infections. 
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Figure 5-1. Enrichment of wildtype peptides. 
(A) The x axis indicates each peptide’s location along SARS-CoV-2 Spike protein, and each entry on the y axis is an 
individual sample. All enrichment values over 20 are plotted as 20 to better show the lower range of the data. Above 
the heatmap, domains of Spike are shown with grey boxes, with the S1/S2 and S2’ cleavage sites indicated with 
arrows. The epitope regions defined in the current study are shown as colored boxes (from left to right: NTD in red, 
CTD-N’ in green, CTD-C’ in cyan, pre-FP in pink, FP in black, post-FP in orange, SH-H in purple, and HR2 in 
blue). (B) Defined epitope regions shown on a structure of one monomer of SARS-CoV-2 Spike in the pre-fusion 
conformation (PDB 6XR8). The amino acid loci spanned by each epitope are listed. The HR2 epitope (AA 1171–
1204) could not be resolved on the structure and is not shown. 
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To quantify differences in the epitopes targeted by different groups, the enrichment of 

wildtype peptides was summed across each epitope region for every individual. Because the 

main research question is whether responses in macaques model those in humans, two 

comparisons were performed: vaccinated macaques vs. vaccinated humans and convalescent 

macaques vs. convalescent humans (Fig 5-2). 

In concordance with a qualitative assessment of the enrichment heatmap in Fig 5-1A, 

vaccinated humans preferentially recognized the following epitope regions compared to 

vaccinated macaques: NTD (Mann-Whitney p ≤ 0.01), CTD-C’ (p ≤ 0.0001), and FP (p ≤ 0.05) 

(Fig 2A). Meanwhile, convalescent macaques recognized the following epitope regions more 

than convalescent humans: CTD-N’ (p ≤ 0.01), pre-FP (p ≤ 0.001), and post-FP (p ≤ 0.01) (Fig 

5-2B). All groups consistently recognized the SH-H epitope region (Fig 5-2). While vaccination 

appeared to induce a stronger response against HR2 than infection (Fig 5-1A), there were no 

significant differences in response driven by species (Fig 5-2). Within each group of macaques 

(vaccinated and convalescent), subgroups received slightly different treatments (Table S1), so 

similar analyses were performed comparing these subgroups; no comparisons were significant at 

a threshold of p=0.05 (Kruskal-Wallis test, S3 Fig).  

Taken together, these findings indicate: 1) vaccinated humans were the only group to 

consistently recognize peptides from both the NTD and CTD-C’ epitope regions, which are in 

close physical proximity to one another (Fig 5-1B); 2) convalescent humans had a limited 

response to the CTD-N’; 3) compared to other groups, convalescent macaques had a notably 

more robust response to regions upstream and downstream of the main FP epitope region; 4) 

vaccinated macaques did not recognize the FP as strongly as other groups; and 5) vaccination 

seemed to induce a stronger response against HR2 than infection in both macaques and humans. 
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These findings may also be explained by other differences between the vaccinated and 

convalescent groups, including the number, dose, and type of exposures. 

 

 

Figure 5-2. Differences in enrichment of wildtype peptides by group. 
For each individual, wildtype enrichment values were summed for all peptides within each epitope region. Boxplots 
summarize the data for all individuals in each sample group. The box represents median and interquartile range 
(IQR), the lower whisker represents the lowest data point above Q1-1.5IQR, and the upper whisker represents the 
highest data point below Q3+1.5IQR. (A) compares vaccinated pigtail macaques to vaccinated humans, while (B) 
compares convalescent rhesus macaques to convalescent humans. Multiple Mann-Whitney U tests were performed, 
with p values corrected for the number of comparisons in each plot (8) using the Bonferroni-Dunn method. ****, p 
≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
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5.5 Defining and comparing escape pathways 

To assess differences in the binding characteristics of human and macaque antibodies on 

a more granular level, we next examined the mutations in Spike that reduced antibody binding in 

each epitope region of interest. Because the antibody escape pathways for vaccinated humans 

have been described previously [257], we did not examine the NTD and CTD-C’, which are 

exclusively recognized by this group. Instead, we focused on comparing escape profiles between 

groups in the following epitope regions: CTD-N’, FP, and SH-H. We first represent the data as 

scaled differential selection values in logo plot form, as commonly shown in previous studies. 

Importantly, scaled differential selection is highly correlated with peptide binding as measured 

by competition ELISA [255]. To summarize the data represented by the logo plots by group, 

summed differential selection values across each epitope region were also calculated. This metric 

represents the overall magnitude of escape at each locus regardless of the specific amino acid 

substitution, with negative values indicating a decrease in binding compared to the wildtype 

amino acid, and positive values indicating enhanced binding (see “Materials and Methods”). 

Finally, escape similarity scores were calculated between pairs of individuals to quantify 

similarity in escape profiles (see “Materials and Methods” and S4 Fig). 

CTD-N’ 

Vaccinated macaques, vaccinated humans, and convalescent macaques recognized 

peptides in the CTD-N’ (AA 526-593), whereas convalescent humans generally did not (Fig 5-

2B). Within this epitope region, the individual escape profiles showed notable variability both 

within and between groups (S5 Fig). For example, across all groups, some individuals showed 

relatively high sensitivity to mutations between sites 558-567, while others had a response 
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focused more downstream around AA 577-586. There was also substantial variability in which 

loci in the CTD-N’ had the highest relative magnitude of escape, and sometimes even in the 

directionality of scaled differential selection at a given locus. For example, some individuals had 

antibodies that bound mutated peptides better than wildtype at AA 555 (e.g., convalescent 

macaque 353) while others exhibited reduced binding to mutated peptides (e.g., convalescent 

macaque 358). The same was true for site 560 (e.g., vaccinated humans M24 and M26 exhibited 

improved and disrupted binding to mutated peptides, respectively). 

To summarize the trends observed in the individual findings, we calculated summed 

differential selection values for each individual at each site and generated boxplots by group (Fig 

5-3A). In addition to the aforementioned regions of escape common to all groups, convalescent 

macaques also showed considerable escape between AA 529-535, with vaccinated macaques 

also showing a less consistent response in this area (Fig 5-3A and S5). The complexity and 

variability of the escape pathways also prompted us to quantify the similarity in escape between 

and within groups. Escape similarity scores largely corresponded to areas of high magnitude of 

escape. Sites with low-magnitude summed differential selection values indicate loci where 

mutations have no notable impact, and therefore those escape profiles reflect fluctuations in 

peptide enrichments due to noise, which drives a lower escape similarity score at those sites (Fig 

5-3A, lower panel). At some sites (e.g., 560, as described above), low scores were also the result 

of some samples showing negative differential selection and others showing positive differential 

selection, a comparison that was assigned the highest cost in our escape similarity score 

algorithm. 
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Figure 5-3. Comparison of escape profiles in the CTD-N’. 
(A) The top three panels show boxplots depicting the summed differential selection values of all individuals in a 
group at each locus, with each data point representing a different individual. The box represents median and 
interquartile range (IQR), the lower whisker represents the lowest data point above Q1-1.5IQR, and the upper 
whisker represents the highest data point below Q3+1.5IQR. Negative values represent sites where the binding 
interaction between antibody and peptide was weakened when peptides were mutated, whereas positive values 
represent enhanced binding. The bottom panel shows the mean escape similarity score for all pairwise comparisons 
between samples in each group, calculated at every locus. See S4 Fig for a description of the escape similarity score 
algorithm. (B) Within- and between-group region-wide escape similarity scores, with each point representing a 
pairwise comparison between two samples. The box represents median and interquartile range (IQR), the lower 
whisker represents the lowest data point above Q1-1.5IQR, and the upper whisker represents the highest data point 
below Q3+1.5IQR. The contribution of a site’s score to the total escape similarity score is weighted based on its 
relative contribution to the summed differential selection values across the region. P values are not computed due to 
lack of independence between data points. 
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To test the similarity of escape profiles across the CTD-N’ epitope region, escape 

similarity scores were aggregated across the region and computed both within and between 

groups. These are shown as boxplots, with each point representing a pairwise comparison 

between individual samples (Fig 5-3B). For example, every vaccinated macaque was compared 

to every other vaccinated macaque (a within-group comparison) and to every vaccinated human 

(a between-group comparison). We included a comparison of convalescent macaques and 

vaccinated humans, given visual similarities between their patterns of escape (Fig 5-3A). 

Convalescent macaques showed the highest within-group similarity in escape profiles, meaning 

their escape profiles were more consistent than those of the vaccinated macaques or vaccinated 

humans (Fig 5-3B). Between-group escape similarity scores were on par with the within-group 

scores for the vaccinated macaques and humans, indicating that although there was substantial 

variability in individual profiles, this was not driven by sample groups. 

FP 

Escape profiles were examined in the FP epitope region (AA 805-835) for the three 

groups that showed significant wildtype enrichment in this area: vaccinated humans, 

convalescent macaques, and convalescent humans. As in the CTD-N’, overall there was 

variability in individual escape profiles, though the convalescent macaques showed a more 

consistent pattern of escape than other groups (S6 Fig). Within the FP, most sites of escape fell 

between AA 811-825 for all groups (Fig 5-4A). The convalescent macaques again exhibited the 

highest escape similarity scores (Fig 5-4B). The median within-group escape similarity scores in 

the FP were on par with those in the CTD-N’ (Fig 5-3B), indicating approximately equal 

variability in antibody escape in these epitope regions. The between-group escape similarity 

scores were generally similar to each other and to the human within-group scores (Fig 5-4B).  
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Figure 5-4. Comparison of escape profiles in the fusion peptide (FP). 
(A) and (B) Data are shown as described in Figure 5-3. 
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SH-H 

All four groups consistently recognized peptides spanning the SH-H epitope region (AA 

1135-1170). Major sites of escape were located between AA 1145-1158 for all groups (Fig 5-

5A). The individual logo plots in the SH-H suggested a consistent response among vaccinated 

humans and convalescent macaques, with more variability in the remaining groups (S7 Fig). This 

finding is supported by the within-group escape similarity scores for those groups trending 

higher across the epitope region (Fig 5-5A lower panel and 5-5B). The median epitope region-

wide escape similarity scores for vaccinated humans and convalescent macaques were also 

higher in the SH-H than in the CTD-N’ or FP, confirming a more concordant response. The 

median between-group escape similarity score for vaccinated humans and convalescent 

macaques was on par with their median within-group scores, indicating that the escape profile of 

a vaccinated human looks as similar to that of a convalescent macaque as it does to another 

vaccinated human (Fig 5-5B). The similarity between these two groups was higher than the 

similarity between convalescent macaques and humans, as well as between vaccinated macaques 

and humans (Fig 5-5B). Despite this overall trend, two vaccinated humans had more unique 

escape profiles (S7 Fig, M26 and M19) and are responsible for a cluster of lower-similarity 

outlier points (Fig 5-5B, “Vaccinated Humans” and “Conv. Mac. vs. Vacc. Hum.”). 

The pairwise comparison between participant 352 (a convalescent macaque) and M21 (a 

vaccinated human) generated an escape similarity score closest to the median for all comparisons 

between these groups. Logo plots for these individuals are shown in Fig 5-5C as a representative 

example of the striking between-group similarity. The most consistent sites of escape for both 

groups were AAs 1148, 1152, 1155, and 1156 (Fig 5-5A and S7). While some differences exist, 

there was not nearly as much variability as in the CTD-N’ (S5 Fig) and FP (S6 Fig). 
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Figure 5-5. Comparison of escape profiles in the stem helix-HR2 region (SH-H). 
(A) and (B) Data are shown as described in Figure 5-3. (C) Logo plots for participant 352 (a convalescent macaque) 
and M21 (a vaccinated human) showing the effect of specific mutations on antibody binding at each site. The 
comparison between these samples had an escape similarity score closest to the median value for all pairwise 
convalescent macaque vs. vaccinated human comparisons and thus can be considered representative of the similarity 
between these groups. The 352 –M21 comparison is shown in red on (B). 



 114 

Other epitope regions 

In addition to the epitope regions described above, the convalescent macaques strongly 

recognized the pre-FP and post-FP, which were not targeted by human antibody responses (S8 

Fig). Escape profiles in the pre-FP appeared highly consistent among individual macaques, with 

major sites of escape at AAs 795, 798, 800, and 802. Profiles were more variable in the post-FP, 

likely due in part to low enrichment of wildtype peptides in this epitope region for some 

individuals (S8 Fig). 

5.6 Comparison of vaccinated humans and convalescent macaques 

It was notable that the vaccinated humans and convalescent macaques showed the most 

similarity in escape profiles across all epitope regions, most strikingly in the SH-H. Thus, we 

also asked whether they showed similarity in the epitopes they targeted by comparing the 

enrichment of wildtype peptides in these groups in each epitope region (S9 Fig). Vaccinated 

humans recognized the following epitope regions more strongly than convalescent macaques: 

NTD (Mann-Whitney p ≤ 0.0001), CTD-C’ (p ≤ 0.0001), and HR2 (p ≤ 0.001). Convalescent 

macaques preferentially recognized the pre-FP (p ≤ 0.0001) and post-FP (p ≤ 0.001) epitope 

regions. This suggests some diversity in the epitopes targeted, but similarity of antibody escape 

patterns within epitopes targeted by both groups. 

5.7 Discussion 

In this study, we aimed to assess whether the antibody binding specificities to SARS-

CoV-2 Spike in macaques are a useful model for the human response. Our results indicate 

important similarities between macaques and humans; for example, both have antibodies that 

recognize major epitopes in the CTD, FP, and SH-H. However, many differences are also 
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apparent, with some groups showing responses to unique epitopes, such as two physically 

proximal epitopes in the NTD and CTD that are recognized by antibodies from vaccinated 

humans but not macaques. Additionally, epitope regions flanking the FP were recognized by 

antibodies from convalescent macaques, while antibodies from convalescent humans did not 

recognize the flanking regions but showed a strong response within the FP itself. We found 

considerable diversity in the pathways of escape between individuals, and this was not specific to 

either macaques or humans, suggesting a diverse repertoire of antibodies that can respond to the 

major epitopes in both groups. Overall, these results suggest that macaques and humans share 

recognition of certain major epitopes. The differences that exist could be due to species 

(macaque vs. human), but could also be influenced by differences in the specific type and 

number of exposures to antigen in each group. 

Other studies have characterized human monoclonal antibodies against some of the 

epitopes we report here, many of them with neutralizing or other activities. As previously 

reported by our group [257], we found that antibodies from vaccinated humans bound peptides 

spanning a 30 amino acid segment at the C-terminus of the NTD. Interestingly, most if not all 

neutralizing human mAbs targeting the SARS-CoV-2 NTD to date have been shown to target a 

single supersite on the “tip” of Spike, distinct from the epitope we detected at the C-terminus 

[249,261-267]. An NTD mAb with Fc effector function [254], as well as several NTD mAbs that 

enhance infection in vitro [262,268], also bind sites upstream of the C-terminal epitope. 

Therefore, future studies are warranted to investigate the function of antibodies binding the new 

NTD epitope detected by Phage-DMS. In the CTD, we detected broad antibody binding, with 

vaccinated macaques, vaccinated humans, and convalescent macaques enriching peptides in the 

CTD-N’ epitope region, and vaccinated humans also recognizing peptides spanning the 
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remainder of this domain (CTD-C’). Polyclonal antibodies targeting sites within the CTD-N’ and 

CTD-C’ have been isolated from human sera and shown to have neutralizing activity [269]. 

Interestingly, the neutralizing epitope on the CTD-C’ (AA 625-636) [269] is physically adjacent 

to the NTD epitope we describe (AA 285-305), raising the possibility that a conformational 

epitope extending to the NTD is recognized by neutralizing antibodies from vaccinated humans. 

Depleting human serum of FP-binding antibodies reduced its neutralization capacity [270]; these 

antibodies are of high interest, both due to their potential to block membrane fusion, and given 

the high sequence conservation among the FPs of diverse coronaviruses [271,272]. We found 

that convalescent rhesus macaque sera strongly recognized the pre- and post-FP epitope regions, 

but to our knowledge, functional antibodies against these regions have not been previously 

described. Finally, the SH-H epitope region we describe is in the stem helix, a region known to 

be highly conserved across coronaviruses. Broadly neutralizing [273-275] stem helix antibodies 

have been isolated and suggest an avenue for rational design of a pan-coronavirus vaccine. 

Interestingly, a mAb raised against the MERS-CoV stem region protected mice against SARS-

CoV-2 challenge, despite having no neutralizing activity against SARS-CoV-2 in vitro [276]. 

The detection of broad antibody binding across Spike supports the continued investigation of 

non-RBD epitopes, which remain understudied. Some of the epitopes we describe may also be 

the target of non-neutralizing Fc-effector antibodies [277], and/or antibodies that enhance 

infection via Fc-independent [268] or Fc-dependent [278] mechanisms. This latter concept may 

be important in the pathogenesis of COVID-19, though this remains speculative. 

Previous work elucidated that pathways of antibody escape to SARS-CoV-2 Spike 

protein can be quite variable in convalescent humans, with vaccination inducing a more 

consistent response [257]. In the current study, we found considerable variability in escape 
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profiles in the FP and CTD-N’ in both macaques and humans, though the convalescent rhesus 

macaques had more concordant escape profiles than other groups. Variability in escape patterns 

suggests that a diversity of antibodies are targeting these epitopes. Intra-species germline 

diversity in immunoglobulin genes may help explain why individuals with similar exposures 

often mount distinct responses [279,280]. On the other hand, escape profiles were more 

consistent in the SH-H, where the responses of convalescent macaques and vaccinated humans 

appeared to converge. This conservation of response suggests that highly similar antibodies are 

dominating the antibody repertoire against this epitope. Convergent antibody responses to 

SARS-CoV-2 have been reported within human populations [281-283], and our findings here 

suggest that antibodies from different species may also be able to converge on the same “public” 

antibody repertoires in a functional sense, despite genetic differences. While a shared escape 

profile among individuals could suggest that viral escape mutations are more likely to emerge on 

a population level, another factor to consider is the effect of the mutations on viral fitness. Key 

domains of the S2 subunit (such as the SH-H epitope) have essential functions and high sequence 

conservation, suggesting a low tolerance for mutation and thus for escape. Indeed, previous work 

determined that sites of escape identified by Phage-DMS are not typically mutated at a high 

frequency in circulating strains of SARS-CoV-2 [256]. 

While our focus was on understanding how macaques and humans respond to a similar 

exposure (i.e., vaccination or infection), we also noted similarities in response between re-

infected macaques and vaccinated humans. These groups both exhibited the broadest recognition 

across Spike, although the epitope regions they targeted were somewhat different. As described 

above, these groups also had highly similar antibody escape profiles in the SH-H. The vaccinated 

humans and re-infected macaques both received two exposures to high doses of antigen. It is 
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plausible that re-exposure directed initially diverse antibodies to converge on a more focused 

response in both scenarios. While it is known that vaccination and infection induce distinct 

humoral responses against Spike [257,284,285], our data suggest that a second exposure may 

generate antibodies that better match the vaccine-induced response.  

This study had several limitations. Because the Phage-DMS library displays peptides 

31AA in length, discontinuous or conformational epitopes are not readily detected using this 

method. Additionally, epitopes that may normally be glycosylated are exposed for antibody 

binding in Phage-DMS. There also are known germline-encoded differences in the properties of 

immunoglobulin subclasses and Fc receptors between macaques and humans, leading to 

differences in antibody function that cannot be assayed using Phage-DMS [286]. Additionally, 

our sample set includes variables that limit our ability to draw conclusions about species-specific 

(macaque vs. human) differences in antibody response. The vaccinated macaques and humans 

both received RNA vaccines encoding full-length Spike protein, but there were differences in 

vaccine technology, including: 1) the use of mRNA in the human vaccine vs. repRNA in the 

macaque vaccine, 2) the stabilization of Spike in its pre-fusion state in the human vaccine, 3) the 

dosage and number of doses delivered, and 4) the formulation used to deliver the RNA. Despite 

these differences, we found commonalities in some of the epitopes targeted by antibodies from 

both groups. The convalescent rhesus macaques also underwent T cell depletion as part of 

another study, which may have altered the epitope specificity of their antibodies, although we did 

not find significant differences between depleted and control animals in our analysis (S3 Fig). 

Additionally, the convalescent rhesus macaques were experimentally infected twice with high 

titers of virus, compared to the convalescent humans who were naturally infected once. This 

important discrepancy could be the reason why the response in re-infected macaques aligned 
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more closely with vaccinated humans than convalescent humans. Studies of re-infected humans 

would help address this possibility. Finally, we found pre-existing antibody responses in both 

groups of macaques. Many of our human samples also likely contain cross-reactive antibodies 

from prior endemic coronavirus infections. These pre-existing responses are difficult to control 

for but may have influenced our results. 

Our findings suggest that while vaccinated and convalescent macaques and humans share 

recognition of some major epitopes, each group has a unique antibody binding profile. Antibody 

escape profiles suggest a diversity of individual responses to most epitopes. Important avenues 

for future study include comparing macaque and human responses to the RBD and evaluating 

species differences in antibody function. Continued investigation of immunogenic epitopes in 

conserved regions of Spike is also warranted to inform the development of immunity that is more 

robust in the face of viral escape. 

5.8 Supplementary Material 

All supplemental tables and figures for this study are available for download at 

https://journals.plos.org/plospathogens/article?id=10.1371/journal.ppat.1010155#sec025. 

5.9 Materials and Methods 

Samples 

Vaccinated pigtail macaques 

Plasma was collected from 11 pigtail macaques immunized with a replicating RNA 

(repRNA) vaccine expressing full-length SARS-CoV-2 Spike protein. A subset of these animals 

was previously described [235]. All animals were housed at the Washington National Primate 

Research Center (WaNPRC), an accredited facility of the American Association for the 
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Accreditation of Laboratory Animal Care International (AAALAC). All procedures were 

approved by the University of Washington's Institutional Animal Care and Use Committee 

(IACUC) (IACUC #4266-14). Individual macaques received the vaccine by intramuscular 

injection in either a Lipid InOrganic Nanoparticle (LION) [235] or a Nanostructured Lipid 

Carrier (NLC) [258] formulation, delivered in a single priming dose of 25μg (n=3) or 250μg 

(n=6) or in a prime-boost regimen with 50μg doses spaced 4 weeks apart (n=2). All samples 

were collected 6 weeks post-prime immunization. A subset of these animals also previously 

received an experimental hepatitis B vaccine as part of another study (n=5). 

Convalescent rhesus macaques 

Serum was collected from 12 rhesus macaques housed at the Rocky Mountain 

Laboratories (National Institutes of Health [NIH]), 14 days after the second of two SARS-CoV-2 

infections spaced 42 days apart. The SARS-CoV-2 isolate used for infection was nCoV-WA1-

2020 (MN985325.1), which was provided by the Centers for Disease Control and Prevention and 

propagated as described previously [239]. This isolate came from a COVID-19 patient in 

Washington state in January 2020 and therefore represents an ancestral strain, prior to the 

emergence of variants. Prior to infection, macaques were variably depleted of CD4+ T cells, 

CD8+ T cells, CD4+ and CD8+ T cells, or neither, as part of another study. Details of macaque 

treatment and regulatory approvals are as published previously [239]. 

Vaccinated humans 

We obtained serum from 15 individuals who received two 100μg doses of the Moderna 

mRNA-1273 vaccine as part of a phase I clinical trial (NCT04283461) [287]. All participants 

provided written informed consent. Phage-DMS results from these samples were reported 

previously [257]. Because samples were de-identified, this study was approved by the Fred 
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Hutchinson Cancer Research Center Institutional Review Board as non-human subjects research. 

Only samples from individuals aged 18-55 years were included in the current study to better 

match the young age range of the macaques. 

Convalescent humans 

Plasma was collected from 12 individuals post-mild COVID-19 illness as part of the 

Hospitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) study in 

Seattle, WA. The date of symptom onset for these individuals ranged from February - March 

2020, representing infections with early circulating strains of SARS-CoV-2. Phage-DMS results 

from these samples were reported previously [256,257]. This research was approved by the 

University of Washington Institutional Review Board (IRB number STUDY00000959). 

Electronic informed consent was obtained for all participants. Again, the sample set was 

restricted to only include individuals aged 18-55 years to better match other sample groups. 

All plasma and sera were heat inactivated at 56°C for 1 hour prior to use. Full details of all 

samples are available in Table 5-1 and S1. 

Phage-DMS, Illumina library preparation and deep sequencing 

The experimental protocol was performed exactly as described previously [256]. Briefly, 

an oligonucleotide pool was synthesized that contains sequences coding for peptides of 31 amino 

acids that tile along the length of the Wuhan-Hu-1 Spike protein sequence [288] in 1 amino acid 

increments. For each peptide with the wildtype sequence, 19 variations were included that have a 

single mutation at the middle amino acid, resulting in a total library size of 24,820 unique 

sequences. The oligonucleotide pool was cloned into T7 phage, followed by amplification of the 

phage library; this step was performed twice independently to generate biological duplicate 

phage libraries. The phage library was incubated with a serum or plasma sample, then bound 
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antibody-phage complexes were immunoprecipitated using Protein A and Protein G Dynabeads 

(Invitrogen). Bound phage were lysed, and DNA was amplified by PCR and cleaned prior to 

sequencing on an Illumina MiSeq or HiSeq 2500 with single end reads. Demultiplexing and read 

alignment were also performed as described previously [257]. 

Replicate curation 

Biological replicates were analyzed in parallel to assess reproducibility of results. For 

simplicity, results from only one biological replicate are shown and described, with the same 

figures generated with the second biological replicate available to view online at 

https://github.com/matsengrp/phage-dms-nhp-analysis. Within each biological replicate, “in-

line” technical replicates were run for some samples. In these cases, the technical replicate with 

the highest mapped read count was selected for analysis. 

Wildtype enrichment and defining epitope regions 

The enrichment of wildtype peptides was calculated as described previously to quantify 

the proportion of each peptide in an antibody-selected sample relative to the proportion of that 

peptide in the input phage library [255]. On enrichment plots, the locus of each peptide is defined 

by its middle amino acid. Enrichment values of wildtype peptides were summed across epitope 

regions of interest for statistical comparisons between groups (“Summed WT enrichment” on 

figures). 

Escape profile comparison 

The effect of a mutation on antibody-peptide binding was quantified as “differential 

selection,” which is the log fold change in the enrichment of a mutation-containing peptide 

compared to the wildtype peptide. This number is multiplied by the average of the wildtype 
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peptide enrichments at that site and its two adjacent sites to get a “scaled differential selection” 

value, as described previously [257]. The enrichment values of the adjacent wildtype peptides 

are included in this calculation to make the analysis less susceptible to noise. Negative 

differential selection values represent reduced binding compared to wildtype, while positive 

differential selection values indicate that the mutation enhanced binding. “Summed differential 

selection” is the sum of the 19 scaled differential selection values for all mutations at a site, and 

gives a sense of the overall magnitude of escape at that site. 

The comparison of two escape profiles is quantified by an escape similarity score 

computed in the framework of an optimal transport problem [289]; this algorithm was described 

in detail at https://matsengrp.github.io/phippery/esc-prof.html. An overview of the method is 

shown in S4 Fig. Escape profiles are commonly portrayed as logo plots using scaled differential 

selection values (S4A Fig). At each site, escape data in logo plot form can instead be represented 

as binned distributions, with each mutation making some contribution to the total amount of 

escape at that site based on its scaled differential selection value (S4B Fig). For each site, an 

optimal transport problem computes the most efficient way to transform one individual’s escape 

distribution into that of a different individual (S4C Fig). The cost to “exchange” amino acid 

contributions between profiles is based on the similarity between the amino acids being 

exchanged, as defined by the BLOSUM62 matrix [290]. More “movement” between dissimilar 

amino acids drives up the total cost of the transport; therefore, a higher cost indicates less similar 

profiles. Escape similarity scores are the inverse of the total cost of transforming one profile into 

another. Scores were calculated between pairwise combinations of individuals to compare escape 

profile variability within and between sample groups. 
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Protein structure 

The structure of a SARS-CoV-2 Spike glycoprotein monomer in the closed state (PDB 

6XR8) was examined to visualize epitope regions [291]. Coloring was added using UCSF 

ChimeraX-1.2.5, developed by the Resource for Biocomputing, Visualization, and Informatics at 

the University of California, San Francisco, with support from National Institutes of Health R01-

GM129325 and the Office of Cyber Infrastructure and Computational Biology, National Institute 

of Allergy and Infectious Diseases [292]. 

Statistical analysis and plotting 

For comparison of summed wildtype enrichment values across an epitope region between 

sample groups (Fig 5-2 and S9), multiple Mann-Whitney U tests were performed, with p values 

corrected for the number of comparisons in each plot using the Bonferroni-Dunn method. 

Asterisks represent the following corrected p values: ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 

0.01; *, p ≤ 0.05. For comparison of summed wildtype enrichment values between macaque sub-

groups (S3 Fig), a Kruskal-Wallis test was used with a significance threshold of p=0.05. 

Boxplots are used to summarize summed wildtype enrichment values, summed differential 

selection values, and similarity scores within a sample group. For all boxplots, the box represents 

the median and interquartile range (IQR), the lower whisker represents the lowest data point 

above Q1-1.5IQR, and the upper whisker represents the highest data point below Q3+1.5IQR. 

Code, software, and data availability 

All analyses were performed in RStudio version 1.3.1093, Python version 3.6.12, 

GraphPad Prism version 9.0.1, and the phip-flow and phippery software suite 

(https://matsengrp.github.io/phippery/). The phip-flow tools perform read alignment using 
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Bowtie2 [293] in a Nextflow [294] pipeline script. The escape profile comparisons are done with 

phippery in Python 3.6.12 and depend on the NumPy [128], pandas [295,296], xarray [297], POT 

[298], and biopython [299] packages. All code and instructions for running this analysis are 

available at https://github.com/matsengrp/phage-dms-nhp-analysis.  
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