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Abstract 25 

Hyperglycemia, and exacerbation of pre-existing deficits in glucose metabolism, are major manifestations 26 

of the post-acute sequelae of SARS-CoV-2 (PASC). Our understanding of lasting glucometabolic disruptions 27 

after acute COVID-19 remains unclear due to the lack of animal models for metabolic PASC. Here, we 28 

report a non-human primate model of metabolic PASC using SARS-CoV-2 infected African green monkeys 29 

(AGMs). Using this model, we have identified a dysregulated chemokine signature and hypersensitive T 30 

cell population during acute COVID-19 that correlates with elevated and persistent hyperglycemia four 31 

months post-infection. This persistent hyperglycemia correlates with elevated hepatic glycogen, but there 32 

was no evidence of long-term SARS-CoV-2 replication in the liver and pancreas. Finally, we report a 33 

favorable glycemic effect of the SARS-CoV-2 mRNA vaccine, administered on day 4 post-infection. 34 

Together, these data suggest that the AGM metabolic PASC model exhibits important similarities to 35 

human metabolic PASC and can be utilized to assess therapeutic candidates to combat this syndrome. 36 
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1. Introduction 46 

Between 10-30% of people infected with SARS-CoV-2 develop long-term health complication, named 47 

post-acute sequelae of SARS-CoV-2 (PASC) or Long-COVID 1-4. Metabolic diseases, including type 2 48 

diabetes (T2D)5, as well as conditions with less obvious metabolic undertones such as myalgic 49 

encephalomyelitis/chronic fatigue syndrome (ME/CFS), thrombosis and neuropsychiatric sequelae (brain 50 

fog) embody the broad spectrum of long-COVID symptoms or PASC 1,6-10.  In fact, a 30-50% elevated T2D 51 

incidence following acute resolution of SARS-CoV-2 infection has been reported11.  Several lines of 52 

evidence suggest a hyperinflammatory response against SARS-CoV-2 as being critical to the severity of 53 

acute COVID-1912, as well as development of metabolic PASC such as hyperglycaemia3,11,  metabolic 54 

associated fatty liver disease (MAFLD)13, and cardiovascular diseases (CVD)14,15.  55 

An existing paradigm postulates that the balance between virus survival and effective host responses is 56 

based on metabolic reprogramming of nutrients, primarily in immune cells16. However, the extent to 57 

which early disruptions in systemic immune and metabolic homeostasis contribute to the evolution and 58 

symptoms of metabolic PASC remains unclear.  While pre-existing diabetes has been linked to more severe 59 

COVID-19 outcomes and higher mortality17,18, new-onset hyperglycemia and diabetic ketoacidosis  is also 60 

observed in SARS-CoV-2 infected individuals with no prior evidence of diabetes and have been associated 61 

with poor COVID-19 outcomes19,20. 62 

Glucose homeostasis is maintained largely by hormonally-regulated glucose uptake by tissues, such as the 63 

liver21,22, as well as the gut microbiota23. However, hepatic glucose production via gluconeogenesis and 64 

glycogenolysis represents additional glucometabolic checkpoints24. In addition, β-cell dysfunctions, 65 

potentially due to early pancreatic infection by SARS-CoV-2, may partially contribute to altered glucose 66 

homeostasis25-27. Increased levels of circulating inflammatory molecules, including chemokines, have been 67 

shown to directly associate with impaired glucose homeostasis in non-infectious diseases28. This includes 68 

CCL25, a cytokine known to impair pancreatin β-cell insulin secretion and is capable of inducing 69 
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proinflammatory cytokine responses29. Thus, a preponderance of evidence supports a key role for 70 

inflammation in the pathogenesis of hyperglycemia and T2D30-32. However, the mechanisms by which 71 

SARS-CoV-2 infection promotes prolonged hyperglycemia are poorly understood due to the lack of 72 

appropriate animal models for metabolic PASC. Here, we developed such a model and used it to 73 

interrogate potential mechanism that underlie the development of metabolic PASC. We also investigated 74 

whether administration of the BNT162b2 (Pfizer/BioNTech) vaccine during acute SARS-CoV-2 infection 75 

could ameliorate immunometabolic dysregulation. 76 

2. Results 77 

2.1. Study groups. 78 

African green monkeys (AGMs; Chlorocebus aethiops sabaeus) were followed up weekly for 18 weeks with 79 

complete virologic, physical, clinical assessments, blood chemistry and immunometabolic profiling. Some 80 

assessments were conducted biweekly after 4 weeks (Fig. 1a). One female (PB24), age 19.32 years (6.40 81 

kg) was sent for necropsy at week 8 due to anorexia. There were no significant differences in the median 82 

age and weight between the vaccinated and unvaccinated group (see Table 1 for detailed group 83 

demographics).  84 

2.2. Dynamics of SARS-CoV-2 over time 85 

To confirm infection and study viral dynamics we assessed sub genomic viral RNA (sgRNA), a correlate of 86 

actively replicating virus, and genomic RNA (gRNA) levels by quantitative real-time PCR in nasal and 87 

pharyngeal swabs. All animals had detectable sgRNA (>3.64 × 106) at day 3 in both nasal and pharyngeal 88 

swabs. At week 5, only 2 animals had detectable sgRNA (>1.15 × 105) in nasal swabs, and no detection in 89 

pharyngeal swabs. At day 3, all animals had detectable gRNA (> 2.05 × 107) in nasal swabs, while 14 had 90 

detectable gRNA (>1.71 × 106) in pharyngeal swabs. At week 5, seven animals had detectable gRNA (1.47 91 

× 105 - 6.53 × 106) in nasal swabs, and seven detectable (4.90 × 104 - 1.51 × 105) in pharyngeal swabs. The 92 

kinetics of gRNA were similar in vaccinated and unvaccinated, with virus peaking at day 3 and substantially 93 
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declining by week 5 (Fig. 1b). At week 5, 20% and 66% of the vaccinated and unvaccinated animals 94 

respectively had detectable gRNA in pharyngeal swabs (Fig. 1b). 95 

2.3. Changes in immune compartments, antibody, and hypersensitive responses during long-term 96 

follow-up 97 

To evaluate changes in systemic immune cell compartments over time, we assessed major immune 98 

subsets which have previously been implicated in the severity of acute COVID-19 disease. On day 3 post 99 

infection (p.i.), we observed a significant increase in monocyte percentage (p=0.0004) and absolute 100 

number (p=0.002) in infected animals, returning to baseline levels by week two, followed by a modest 101 

decline up to about week 7 (Fig. S1. a-b). The percentage and absolute counts of lymphocytes and 102 

neutrophils remained relatively constant (Fig. S1 c-f) in both the vaccinated and unvaccinated groups. The 103 

declining levels of circulating monocytes post-acute infection may signify potential infiltration of these 104 

cells into tissues, consistent with elevated tissue inflammation during acute SARS-CoV-2 infection.  105 

We observed a steep induction of IgG and IgA responses against SARS-CoV-2 Spike and S1RBD proteins, 106 

peaking between 3-6 weeks (Fig. 1c-d), and maintained elevated up to 18 weeks p.i. in both the vaccinated 107 

and unvaccinated groups. There was also an appreciable IgA and IgG response against SARS-CoV-2 108 

nucleocapsid, with the IgG levels remaining elevated up to 15 weeks (Fig. 1e). The early IgM response 109 

against SARS-CoV-2 was noticeable but of a lesser magnitude than the IgA and IgG responses, and sharply 110 

declined towards baseline after 5-week p.i. (Fig. 1c-e). Although not reaching statistical significance, 111 

cumulatively there was a substantially elevated IgG and IgA antibody responses against the Spike (Fig. 1f-112 

g) and S1RBD (Fig. 1h-i) proteins at week 3 p.i. relative to baseline (1.5 weeks pre-infection).  These results 113 

closely reflect the kinetics and preferential induction of anti-SARS-CoV-2 IgA, IgG, and IgM responses in 114 

infected humans33. 115 
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There were no significant differences in the magnitude of antibody responses between the vaccinated 116 

and unvaccinated groups over time (PERMANOVA; p>0.05, data not shown). However, there was a slight 117 

trend towards a higher induction of IgA response towards the spike protein, as well as IgG response 118 

towards nucleocapsid protein (PERMANOVA; p>0.05, data not shown).  119 

T-cell inflammatory response to polyclonal stimulation through phorbol 12-myristate 13-acetate (PMA) 120 

and the calcium ionophore ionomycin (I) has been reported in severe COVID-19 cases12. To examine 121 

potential similarities, we exposed longitudinally collected PBMCs from SARS-CoV-2 infected AGMs to 122 

PMA/I for 6 hours and examined activation markers and intracellular levels of cytokines in T cells subsets. 123 

Naïve and memory populations were defined using CD95 and CD28 markers according to established 124 

gating strategies (Fig. S3). Cumulatively, across groups, there was a significantly increased percentage of 125 

memory CD4+ T cells expressing IL-2 (Fig. 1j; FDR< 0.01) between baseline and all following weeks p.i.  126 

Cumulatively, across timepoints, there was a significantly lower percentage of memory CD4+ T cells 127 

expressing TNF in the vaccinated group versus the unvaccinated one (Fig. 1k; PERMANOVA; p=0.033). 128 

Except for week 1 (FDR> 0.05), cumulatively, the percentage of memory CD8+ T cells expressing TNF was 129 

significantly increased relative to baseline (Fig. 1l; FDR< 0.01). Taken together, these data indicate that 130 

the AGM SARS-CoV-2 infection model mirrors several immunologic similarities to those reported in SARS-131 

CoV-2 infected humans. 132 

2.4. Vaccination post SARS-CoV-2 infection improves long-term glycemic control  133 

Early metabolic changes during SARS-CoV-2 infection are likely to influence long-term manifestations of 134 

COVID-19. We have previously shown in AGMs that SARS-CoV-2 infects pancreatic ductal, and endothelial 135 

cells and associates with new-onset hyperglycemia34, an observation that recapitulates findings in 136 

humans, supporting pancreatic tropism of SARS-CoV-226,27. SARS-CoV-2 infection may also promote 137 

hyperglycemia by inducing excess hepatic glucose production through gluconeogenesis or glycogenolysis 138 
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independent of pancreatic function or insulin effects35. We therefore analyzed serum glucose levels over 139 

time and found it to be significantly elevated (n=15, mean: 102.2 mg/dL, range: 76 -154, p<0.0001) as 140 

early as three days post-infection relative to the latest baseline values (n=15, mean: 71.1 mg/dL, range: 141 

51-86; Fig. 2a). This elevated blood glucose is well above the normal range independently reported for 142 

male (mean: 81.7 ± 18.7 mg/dL) and female (mean: 80.3 ± 18.7 mg/dL) AGMs of Caribbean origin36. 143 

Composite longitudinal analysis showed significantly higher blood glucose in the unvaccinated group 144 

(PERMANOVA; p=0.001) than the vaccinated group over time. This is supported by a higher percentage of 145 

animals with glucose levels above 100 mg/dL in the unvaccinated group (Fig. 2b). Moreover, a statistically 146 

significant persistence of hyperglycemia was maintained up to 12 weeks p.i. in the unvaccinated group 147 

(Fig. 2c).  We excluded glucose reading for weeks 10 and 18 due to in-house clinical procedures likely to 148 

impact transient blood levels, namely the movement of animals from BSL3 to BSL2 (week 10) and return 149 

to BSL3 at week 18. There was a modest positive but non statistically significant relationship between day 150 

3 nasal viral sgRNA and gRNA, and blood glucose levels at week 17 across groups (Fig. 2d). Peak IgA 151 

response (week 3) against nucleocapsid and S1RBD was lower in unvaccinated SARS-CoV-2 infected 152 

animals with higher preceding blood glucose (week 2; Fig. 2e). 153 

Although plasma triglyceride levels peaked around week 2, the levels were already significantly elevated 154 

by week 1 in the unvaccinated group (Fig. 2f). Cumulatively, triglyceride levels were significantly higher in 155 

the unvaccinated group over time (PERMANOVA; p=0.001). However, this elevation was not maintained 156 

consistently beyond baseline over the study period (Fig. 2f). We recorded no significant difference in 157 

cholesterol levels between the two groups over time (Fig. 2g).  Taken together, we reveal a significant 158 

induction and persistent hyperglycemia in SARS-CoV-2 infected AGMs, suggesting this experimental 159 

design as a potential model of metabolic PASC. Furthermore, we found that vaccination during acute 160 

infection could have a positive effect on glycemic control. 161 

 162 
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2.5 Induction of early inflammatory disturbances in AGM long-COVID model 163 

We next undertook an unbiased approach to identify systemic cellular processes associated with SARS-164 

CoV-2 infection in AGMs. We utilized the OLINK Proximity Extension Assay (PEA) technology, which has 165 

exceptional specificity requiring the binding of two matched-paired antibodies tagged with a unique DNA 166 

sequence followed by PCR amplification and signal generation. We used a Target 96 Inflammation Panel 167 

assessing proteins associated predominantly with apoptosis, immune activation and inflammatory 168 

responses, MAPK cascade, chemotaxis, and chemokine secretion. Sixty-five analytes were analyzed 169 

following stringent data QC of which 14 were significantly elevated, and one (IL-8) significantly reduced at 170 

week 1 p.i. (Fig. 3a, Table S1). Principal component analysis of these differentially regulated analytes 171 

expectedly showed a marked separation between baseline and week 1, corroborating the heatmap 172 

analysis (Fig. 3a, Table S1).  The 14 elevated analytes include some with known chemotaxis and other 173 

inflammatory processes. Five analytes, C-C Motif Chemokine Ligand 25 (CCL25), CUB domain-containing 174 

protein 1 (CDCP1), FMS-like tyrosine kinase 3 ligand (Flt3L), C-C Motif Chemokine Ligand 8 (CCL8) and 175 

Stem Cell Factor (SCF) maintained significance (FDR <0.05) following Benjamini–Hochberg (BH) correction 176 

(Table insert, Fig. 3a). We highlight representative chemokines (CCL25, CCL-8, CCL19) and inflammatory 177 

molecules (IL-18, TNF) showing significant elevation at week 1, normalizing by week 12 (Fig. 3b-c). 178 

We next examined whether these 15 differentially regulated analytes were interrelated or shared 179 

common pathways. We employed the STRING protein-protein analysis web-based tool using the default 180 

settings.  Except for CDCP1 and SULT1A1 (ST1A1) there were high confidence interconnections between 181 

the regulated analytes, notably the chemokines CCL8, CCL19, CCL25, CXCL8, CX3CL1, and TNF and IL-18 182 

(Fig. 3d). The top functional enriched networks revealed biological processes and molecular functions 183 

associated with regulation of leukocyte migration and receptor ligand activity. The top ranked local 184 

network clusters and KEGG pathways were related to chemokine receptors, macrophage proliferation, 185 

and viral protein interaction with cytokines and cytokine receptors (Fig.  3e, Table S2). We validated these 186 
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networks using PANTHER v 17.0 revealing the protein class was dominated by intracellular signal 187 

molecules (Fig. 3f), with top pathways associated with inflammation mediated by chemokine and cytokine 188 

signaling, and apoptosis (Fig. 3g), supporting the STRING analysis. These data identify a specific 189 

dysregulation in inflammatory markers in the AGM metabolic-PASC model. 190 

2.6 Glial cell line-derived neurotrophic factor (GDNF) remains persistently elevated following SARS-CoV-191 

2 infection of AGM and associates with hyperglycemia 192 

Increased serum concentrations of inflammatory cytokines correlate positively with fasting glucose levels 193 

in individuals with features of the metabolic syndrome37. We questioned whether early pathological 194 

inflammatory processes may be associated with early-onset, or persistence of hyperglycemia in our SARS-195 

CoV-2 infected AGM long-COVID model. We conducted correlation analysis of blood glucose levels at 196 

week 1, 4, 8 and 16 against all analytes that were significantly (unadjusted p value <0.05) differentially 197 

regulated in the 10 unvaccinated animals at week 1 (Fig. 4a). We observed a modest but statistically 198 

significant correlation (p<0.05) between week 1 plasma CDCP1 levels and week 4 and 16 glucose levels, 199 

and a significant and strong positive correlation between week 1 plasma GDNF and week 4 glucose levels 200 

(Fig. 4a, Fig. S2). We explored the overall relationship between total plasma analytes and changes in 201 

plasma glucose concentrations over time in the unvaccinated group. We identified 8 analytes CCL25, 202 

GDNF, ADA, ST1A1, CXCL9, IL-10RB, FGF-19 and CDCP1 that positively and significantly correlated with 203 

plasma glucose across baseline, week 1, 4, and 12, and one analyte, IL-8, which had a significant negative 204 

association with glucose. CCL25 (r=0.57; p=0.0003; FDR=0.004), GDNF (r=0.55; p=0.0004; FDR=0.006) and 205 

ADA (r=0.44; p=0.007; FDR=0.049) maintained significance following BH correction (Table S3). The CCl25 206 

and GDNF data are graphically represented (Fig. 4b). STRING functional protein interaction analysis of 207 

these 9 analytes identified CXCR chemokine receptor binding (FDR=0.019), chemokine receptor 208 

chemokines (FDR=0.009), and viral protein interaction with cytokines and cytokine receptors 209 

(FDR<0.0001) as top functional enrichments networks. 210 
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Of these analytes GDNF levels remained persistently and significantly higher above baseline up to week 211 

12 p.i. (Fig. 4c), and correlated positively and significantly with plasma CCL25 (r=0.64, p<0.0001), a 212 

chemokine linked to T2D29 (Fig. 4d). We employed a confirmatory dataset comprising of plasma from both 213 

unvaccinated and vaccinated animals at baseline and 1-3 weeks and evaluated GDNF levels using the 214 

OLINK panel indicated above. We confirmed significantly increased plasma GDNF following SARS-CoV-2 215 

infection of AGMs. At the same time points, there was no significant elevation in plasma GDNF in the 216 

vaccinated group (Fig. 4e). Interestingly, there was no significant correlation between blood insulin levels 217 

and glucose (Fig. 4f). 218 

To gain more insights into the functionality of GDNF, we conducted unbiased analysis by using GDNF as 219 

the only search variable in STRING and set the interaction stringency to highest allowable confidence 220 

(0.90). Based on experimental evidence, databases, and text mining the analysis map revealed a high 221 

confidence interaction (0.999) between GDNF and its receptors GFRA1, and GFRA2, and the putative 222 

receptor RET receptor tyrosine kinase, which is involved in neuronal navigation and cell migration. There 223 

were also high confidence interactions between GDNF and neural cell adhesion molecule 1 (NCAM1; 224 

0.936), a cell adhesion protein involved in neuron-neuron adhesion, and between GDNF and cyclic AMP-225 

responsive element-binding protein 1 (CREB1), a transcription factor activated upon binding to the DNA 226 

cAMP response element (CRE) found in many viral promoters (Fig. 4g). 227 

Finally, we used BioGRID, another protein-protein interaction database, to validate STRING’s GDNF 228 

interactions.  The results confirmed our STRING analysis,  showing high confidence interactions between 229 

GDNF and its receptors (red arrows), as well as with WDR26 (evidence: affinity capture-MS;  green arrow; 230 

Fig. 4h), which serves as a scaffold to coordinate PI3K/AKT activation38, as well as regulating leucocyte 231 

migration39. GDNF also interacts strongly with epidermal growth factor receptor (EGFR; evidence: affinity 232 

capture-MS; green arrow) reported to regulate the severity of COVID-19 in patients40. Together, these 233 

results identify a potentially early and minimal host inflammatory signature dominated by elevation of 234 
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plasma chemokines and the neurotropic factor GDNF, associated with impaired glucose homeostasis, in 235 

SARS-CoV-2 infected AGM. 236 

2.7. Polyfunctional inflammatory CD4+ T cells positively correlate with blood glucose levels in SARS-237 

CoV-2 infected AGMs 238 

As shown, T cell hypersensitivity is increased following SARS-CoV-2 infection in AGMs. We therefore 239 

examined whether the degree of hypersensitive polyfunctional T cell responses correlate with blood 240 

glucose levels in unvaccinated AGMs. PBMCs were exposed to PMA/I for 6 hours and the levels of T cell 241 

activation and cytokine production were examined by flow cytometry. We imported data in FlowJo, and 242 

gated on singlets, live cells and CD45+CD3+ T cells (Fig. S3) and exported CSV - Scale values. We used the 243 

R package Spectre to identify unique polyfunctional/inflammatory populations (BL, week 1, 4, 8, 12, 18). 244 

In the unstimulated samples we defined two major populations, CD4 (cluster A) and CD8 (cluster B) shown 245 

by UMAPs (Fig. 5a-b, Fig. S4a). In the PMA/I treated PBMCs we defined nine populations (Fig. 5c), 246 

described in detail in Fig. S4b.  The high expression (deep red) of activation and inflammatory markers 247 

confirmed activation status (Fig. 5d). There was a significant positive correlation between blood glucose 248 

levels and the level of the early activation marker CD69 on IL-2 producing memory CD4 T cells (Fig 5c, 249 

Population E; Fig. 5e), and a significant and positive correlation between blood glucose levels and the 250 

number of polyfunctional (TNF+ IFNγ+) naïve CD4 T cells (Fig. 5c, Population A; Fig. 5f). Plasma GDNF levels 251 

were also significantly correlated with the number of IL-17-producing activated (CD69+ IL-17+ IL-2+ TNF+) 252 

naïve CD4 T cells (Fig. 5c, Population C; Fig. 5g), as well as with the number of polyfunctional naïve CD4 T 253 

cells (Fig. 5h). These data identify populations of hypersensitive T cells induced ex-vivo by PMA/I, that 254 

correlates with hyperglycemia in SARS-CoV-2 infected AGMs. 255 

2.8. Analysis of SARS-CoV-2 persistence in tissues 18 weeks post infection 256 
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Data suggest extrapulmonary presence of SARS-CoV-2 RNA in human tissues post-acute infection41, and 257 

replicating virus has been isolated from human hepatocytes from postmortem COVID-19 patients20. We 258 

therefore took advantage of RNAscope using an anti-sense probe targeting SARS-CoV-2 spike protein RNA 259 

(SARS-S) but observed no substantial percentage of cells containing spike RNA (SARS-S+ cells %)  in 260 

duodenum (mean= 0.018%), liver (mean=0.005%), and pancreas (mean =0.012%) at 18 weeks p.i., as well 261 

as in historical sections (4 weeks p.i.) (mean: duodenum = 0.0037%, liver =0.0016%, pancreas =0.004%). 262 

Substantial SARS-S signals from lung samples of a SAR-CoV-2 infected AGM (4 weeks p.i.; Fig. 6j-k) support 263 

reliability of staining.  For confirmatory study we conducted qPCR analysis on tissues collected 18 weeks 264 

p.i. We found no SARS-CoV-2 subgenomic N nor subgenomic E signals in the liver, duodenum, or pancreas, 265 

but low-levels of genomic N signals (Ct mean 30.4 and 31.6) in the duodenum of two of the 15 animals 266 

(data not shown). We conducted SARS-CoV-2 immunohistochemistry on duodenum collected 18 weeks 267 

p.i. but found no positive signals (Fig 6. l-m). Together these data suggest no significant long-term 268 

persistence of replicating virus in the liver, pancreas or duodenum in our AGM PASC model.  269 

2.9. Absence of severe lung inflammation and injury during long-term follow-up in SARS-CoV-2 infected 270 

AGM 271 

We previously reported two of four AGM (2/4) exposed to SARS-CoV-2 isolate USA-WA1/2020 progressed 272 

to acute respiratory distress syndrome (ARDS) by day 8 and 22 p.i. and exhibited diffuse alveolar damage 273 

and bronchointerstitial pneumonia25. We therefore examined whether viral-induced high grade lung 274 

inflammation is present at our 18 weeks study endpoint. We conducted histopathological analysis of lungs 275 

from all study animals at necropsy (n=15, end point 18 weeks p.i.), and included 3 uninfected animals, and 276 

four infected from a previous study with endpoint between 3 and 4 weeks p.i. The inflammation grades 277 

were scored 1 to 4 (minimal to severe) based on indices of inflammation, utilizing the numbers of 278 

inflammatory cells, the degree of fibrous connective tissue formation (Fig. S5a, Panels A-D), and the 279 

presence of pneumocyte type II hyperplasia (Fig. S5b, Panels A-B). Analysis of the right lower lung shows 280 
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minimal inflammation in all except one animal in the long-COVID study group. Two of the four animals 281 

from the short-term study group had severe inflammation. We generated a composite inflammation score 282 

by pooling scores from the right anterior upper, right middle dorsal and right lower lung but found no 283 

overall severe inflammation above that of the three uninfected AGM controls (Fig. S5c). There was no 284 

evidence of aspirated pneumonia or euthanasia artifacts in the two AGMs from the short-term study, with 285 

severe lung inflammation, suggesting this may be SARS-CoV-2-related.  The data suggest that at least in 286 

the animals examined by our inflammation measurements there was no general severe lung inflammation 287 

at 18 weeks p.i. 288 

2.10. Absence of severe pancreatic inflammation and injury during long-term follow-up in SARS-CoV-2 289 

infected AGM 290 

Extrapulmonary manifestations of SARS-CoV-2 infection includes infection of the human exocrine and 291 

endocrine pancreas, causing morphological changes that may contribute to impaired glucose 292 

homoeostasis26,27,34. We examined the inflammation and fibrosis status of hematoxylin and eosin (H&E) 293 

stained pancreatic cross sections, obtained at necropsy, and found none to minimal inflammation, like 294 

the two uninfected historic samples. There was no evidence of pancreatic fibrosis in 13 animals, while 2 295 

demonstrated mild fibrosis. Representative images are shown (Fig. S6).  Taken together, we saw no 296 

evidence to support significant long-term morphological defects of the pancreas.      297 

2.11 SARS-CoV-2 infection is associated with increased liver glycogen levels 298 

Although previous reports show SAR-CoV-2 infection of pancreatic β-cells in humans and AGMs, infection 299 

in humans may be independently associated with hyperglycemia regardless of β-cell function20. SARS-CoV-300 

2 infected hepatocytes have raised glucose production through increased gluconeogenesis, a potential 301 

cause of hyperglycemia in infected humans20. Regardless of the underlying source, elevated blood glucose 302 

and hepatic glucose uptake may provide substrate for hepatic glycogen synthesis42 (Fig.  7a). We therefore 303 
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quantified liver glycogen in uninfected and 4-weeks p.i. SARS-CoV-2 (short term infection) infected 304 

historical samples, as well as at necropsy (long-term infection) using Periodic acid–Schiff (PAS) staining. 305 

Representative staining is shown without diastase (Fig. 8b, upper panel), and with diastase (Fig. 8b, lower 306 

panel) to confirm staining specificity. A trend for increased liver glycogen in infected animals was observed 307 

(Fig. 7c), reaching significance in the longer-term infected unvaccinated group. Liver glycogen levels 308 

correlated positively with blood glucose levels at week 8 (Fig. 7d) and 12 (Fig. 7e-f) p.i.  Of note, we saw 309 

no evidence of hepatic steatosis or fibrosis at necropsy. 310 

3. Discussion 311 

Collateral damage by early host antiviral responses against SARS-CoV-2 may underlie the severity and 312 

clinical presentation of acute COVID-19 symptoms. Pre-existing or virus-induced metabolic provocations 313 

may promote or exacerbate these acute symptoms, as well as contribute to the development and long- 314 

term phenotype of metabolic syndromes such as MAFLD13, and hyperglycemia35. Here we describe the 315 

first study to systemically evaluate, in non-human primates (NHPs), the temporal changes of 316 

hyperglycemia (metabolic PASC) over an 18-week period. We observed, in SARS-CoV-2 infected AGMs, a 317 

multitude of immunologic and metabolic changes that reflect those previously reported in humans in the 318 

acute and post-acute phase of COVID-19.  319 

Our data demonstrate that SARS-CoV-2 infection of AGMs is associated with early onset hyperglycemia, 320 

which persisted for at least 18 weeks p.i. We have previously reported that early immune changes 321 

contribute to adverse pathological events in SARS-CoV-2 infected NHPs43. Here, we identified a set of 322 

plasma analytes, many differentially increased at week 1 p.i., that correlated positively and significantly 323 

with plasma glucose levels over time. The signature of these regulated analytes was defined by a 324 

preponderance of chemokines and several inflammatory-related proteins. Using protein-protein 325 

interaction tools and gene-ontology analyses we have discovered that the top functionally enriched 326 
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networks associated with these analytes are related to leukocyte migration, chemotaxis, macrophage 327 

proliferation and viral protein interaction with cytokines. Amongst these analytes, we noted CCL25 and 328 

GDNF to be significantly elevated at week 1 p.i. and beyond and correlated positively with blood glucose 329 

levels across all timepoints evaluated. Thus, using the highly specific PEA technology we identified a set 330 

of differentially regulated plasma proteins associated with early and persistent impairment of glucose 331 

homeostasis in SARS-CoV-2 infected AGMs. Additionally, we report increased T cell hypersensitivity during 332 

infection, with polyfunctional responses to ex-vivo PMA/I stimulation positively correlating with glucose 333 

levels. Finally, while the magnitude of antibody responses was similar in the vaccinated and unvaccinated 334 

groups, we show that the vaccination of five animals 4 days p.i. was associated with a consistent and 335 

significantly lower blood glucose level over the study period.  336 

Previous reports show that elevated glucose levels favor SARS-CoV-2 infection and monocyte pro-337 

inflammatory responses44, as well as elevating the risks of severe COVID-19 progression and increased 338 

fatality17,18. In addition, T cell hypersensitivity towards polyclonal stimulation (PMA/I) is seen in severe 339 

and extreme cases of COVID-1912. Hyperglycemia may be caused by insulin resistance, dysfunctional 340 

pancreatic β-cells, impaired glucose clearance or increased glucose disposal by the liver through 341 

gluconeogenesis or glycogenolysis20. We have previously shown in a short-term 4-week study, in two 342 

AGMs with demonstrable SARS-CoV-2 infection of the pancreatic ductal and endothelial cells, that 343 

infection was associated with pancreatic thrombofibrosis and new-onset diabetes34.  The focus of this 344 

AGM PASC study precludes dissecting the specific mechanisms by which glucose homeostasis is regulated 345 

during infection. Nonetheless, pathological elevation of blood glucose in moderate and severe COVID-19 346 

patients has been linked to enhanced hepatic gluconeogenesis by the activity of the Golgi protein GP73, 347 

which is found to be elevated in the plasma of infected patients35. Although it remains controversial 348 

whether SARS-CoV-2 can replicate in hepatocytes, data show that these cells express the chaperone 349 

glucose-regulated protein 78 (GRP78), a putative SARS-CoV-2 entry factor, as well as low levels of ACE2 350 
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protein, which co-localized with spike protein. Moreover, the co-localization of spike protein with viral 351 

RNA, and ex-vivo infection assays support the inference that SARS-CoV-2 can replicate in the liver20. 352 

Although the infection appears non-cytopathic, it was proposed that SARS-CoV-2, including the major 353 

gamma, delta, and omicron variants, can stimulate hepatic glucose production and disposal through 354 

increased activity of the rate limiting gluconeogenic enzyme phosphoenolpyruvate carboxykinase 355 

(PEPCK)20. The key focus of this work was to ascertain whether AGMs infected with SARS-CoV-2 are 356 

feasible models to study metabolic PACS, so detailed mechanistic analyses are beyond this study. 357 

However, we observed elevated glycogen levels in hepatocytes of infected AGMs at necropsy, which 358 

positively correlated with blood glucose levels. On the contrary we saw no substantial amount of SARS-359 

CoV-2 nucleic acid or proteins in the liver or pancreas 18 weeks p.i. Glucagon, which can promote the 360 

breakdown of stored hepatic glycogen to glucose, is increased in COVID-19 patients’ plasma20, but we 361 

have not interrogated this connection in our model. Nonetheless this supports the idea that non-insulin, 362 

and non-pancreatic related mechanisms may partially regulate glucometabolic control during SARS-CoV-363 

2 infection 35.  364 

To gain insights into other potential processes driving COVID-19 related hyperglycemia, we assessed a 365 

panel of blood inflammatory/metabolic analytes at baseline and at set study time points. The signature 366 

of proteins differentially increased at week 1, and associated with plasma glucose levels over time, was 367 

biased towards those involved in leukocyte migration and chemokine receptor binding. Some of these 368 

include CCL8, CCL19, and the gut homing chemokine CCL25 that correlated strongly and positively with 369 

blood glucose levels across multiple weeks.  370 

Recent studies show plasma chemokines to be critical factors that control COVID-19 severity45,46. 371 

Accordingly, CCL25  has been found to be elevated in the plasma of COVID-19 patients47, and a large-scale  372 

genome wide association study, involving patients with severe COVID-19, identified mutations in several 373 

chemokine receptors, including the CCL25 receptor CCR9 as a major risk factor for developing severe 374 
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COVID-1948. We found no evidence of long-term pancreatic damage, however the elevation of CCL25 375 

could potentially impair insulin secretion from the pancreas.   376 

Intriguingly, while anti-SARS-CoV-2 antibodies may counter viral replication, antibodies against 377 

inflammatory mediators such as CCL25, may be more effective at counteracting development of both 378 

acute and long-COVID symptoms. We found our set of differentially regulated chemokines (CCL8, CCL19 379 

and CCL25) intriguing because autoantibodies against CCL8 are augmented in long-term convalescent 380 

COVID-19 individuals, and elevated antibodies against the COVID-19 signature chemokine CCL1946 are 381 

documented with high confidence in both acute and long-term COVID-19 phases compared to uninfected 382 

controls49. Interestingly, autoantibodies against CCL25 are augmented in mild COVID-19 patients 383 

compared to those requiring hospitalization49. Convalescents exhibiting PASC at 12 months have a 384 

significantly lower cumulative level of anti-chemokine antibodies at six months compared to those who 385 

reported no PASC49. In our STRING protein-protein analysis of significantly regulated analytes at week 1, 386 

we found strong interactions between CCL8, CCL19, CCL25, TNF and IL-18 confirming a link between this 387 

chemokine signature and inflammatory responses in our infected AGM model, likely contributing to early 388 

adverse and long-term pathological events.  389 

Some evidence suggests a link between inflammatory processes and COVID-19 related metabolic diseases, 390 

but our understanding of the underlying mechanisms remains limited. Chemokines are best known for 391 

their role in immune cell trafficking to sites of infection and as mediators of inflammation and tissue 392 

repair. However, recent reports have linked their activity to features of metabolic syndrome such as 393 

insulin resistance and T2D. CCL25 acting via its receptor CCR9 impairs β-cell function and inhibits glucose-394 

induced insulin secretion29. Moreover, CCR9 has been implicated in the pathogenesis of T2D by 395 

modulating small intestine permeability and inflammation50. Although we found a strong and significant 396 

positive relationship between blood glucose and CCL25 levels, linking this causatively to glucose 397 

homeostasis in COVID-19 requires further investigation.  398 
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Besides the classic chemokines, we discovered GDNF to positively associate with plasma glucose levels 399 

over time. GDNF is a neurotrophic factor belonging to the transforming growth factor-β (TGF-β) 400 

superfamily, which plays a key role in the nervous system, and the pathogenesis of mood disorders. GDNF 401 

is a known canonical RET ligand, validated by our STRING analysis, which demonstrates a high confidence 402 

interaction between GDNF and RET. While the role for GDNF in peripheral glucose metabolism is unclear, 403 

another RET ligand GDF15, also belonging to the TGF-β superfamily, is known to regulate systemic 404 

metabolic homeostasis, and is a correlative biomarker for metabolic syndrome51,52. Moreover, GDF15 405 

binds with high affinity to GDNF family receptor α-like (GFRAL), an interaction required for GDF15-RET 406 

binding53,54 and may represent a compensatory checkpoint during conditions of high metabolic stress such 407 

as SARS-CoV-2 infection. In fact, GDF15 levels are elevated in SARS-CoV-2-infected patients and are 408 

significantly associated with worse clinical outcomes55. 409 

GDNF has been shown to reverse the pathological effects of hyperglycemia on enteric neuronal survival 410 

via activation of the PI3K-Akt pathway56, a signaling cascade that regulates Glut1 and Glut4 mediated 411 

glucose uptake into cells57,58. Recently, nutritional regulation of GDNF has been suggested, in which its 412 

expression was enhanced by glucose59. Interestingly, in protein-protein interaction analysis, besides its 413 

receptors, GDNF also interacts with Neural Cell Adhesion Molecule 1 (NCAM1) with high confidence, 414 

confirming its potential role as a chemotaxis factor, especially for epithelial and enteric neural cells 415 

essential for maintaining gut wall integrity60,61. Since GDNF levels correlate inversely with plasma glucose 416 

in T2D patients62, and have been shown to improve glucose tolerance and increase β-cell mass in vitro 417 

and in vivo63. The increased GDNF in our studies is likely an adaptive response. The precise role of GDNF 418 

in COVID-19 related pathologies is unknown but may represent a compensatory immunometabolic 419 

adaptation related to changes in energy metabolism in infected AGMs. In conclusion, we show SARS-CoV-420 

2 infected AGMs exhibit many virologic, immunologic and metabolic features observed in infected 421 

humans and may represent a useful model to interrogate early, and persistent factors associated with 422 
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metabolic PASC.  We identify GDNF and several plasma analytes, dominated by chemokines, that are 423 

associated with hyperglycemia over several months p.i. We provide leads involving inflammatory 424 

processes, as well as potential dysregulated liver glucose homeostasis, that warrants further investigation 425 

to improve our understanding of how early inflammatory and metabolic responses against SARS-CoV-2 426 

infection influence its severity and long-term metabolic complications. Such understanding may provide 427 

the basis for exploring autoantibodies of chemokines/metabolic-regulating factors to treat and prevent 428 

long-COVID. Since mRNA vaccines may elicit an immune response within hours and induce humoral 429 

immunity within 5 days of administration64, it is plausible that such responses may offer favorable 430 

immunometabolic benefits prior to multiorgan distribution of SARS-CoV-2  produced by  viral shedding 431 

from the lungs into body fluids. Intriguingly, in an observational  cohort study of 15 million people COVID-432 

19 vaccination reduced the incidence of  long-term diabetes significantly65. Our observation of better 433 

glycemic control in the vaccinated group requires further studies to evaluate the potential benefits of 434 

vaccination during the acute phase of infection66.     435 

4. Methods 436 

4.1 Study approval 437 

This study was reviewed and approved by the institutional Animal Care and Use Committee of Tulane 438 

University. Animals were cared for in accordance with the NIH’s Guide for the Care and Use of Laboratory 439 

Animals. Procedures for handling and BSL2, and BSL3 containment of animals were approved by the 440 

Tulane University Institutional Biosafety Committee. The Tulane National Primate Research Center is fully 441 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. 442 

4.2 Animals and infection procedure 443 

Procedures are in accordance with those we have previously reported25. Briefly, we exposed 15 African 444 

green monkeys (Chlorocebus aethiops sabaeus; 13 females, 2 males) aged 7.92 to 19.32 years, to SARS-445 

CoV-2 strain 2019-nCoV/USA-WA1/2020 at ~1e6 TCID50 via intranasal (0.5mL/nares), and intratracheal 446 
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(1mL) routes. Except for one (PB24), obtained from the NIH via the Wake Forest breeding colony, all 447 

animals were of Caribbean origin (wild-caught) purchased from Bioqual (MD, USA). Ten animals (9 448 

females) were studied during the natural course of SARS-CoV-2 infection and 5 animals (4 females) 449 

received the BNT162b2 Pfizer/BioNTech vaccine 4-days post infection. Animals were monitored daily for 450 

18 weeks. Animals were anesthetized with telazol tiletamine hydrochloride and zolazepam hydrochloride 451 

(5 to 8 mg/kg intramuscular; Tiletamine–zolazepam, Zoetis, Kalamazoo, MI) and buprenorphine 452 

hydrochloride (0.03 mg/kg). 453 

4.3 Blood chemistry and hematological analysis  454 

A comprehensive biochemistry analysis on blood EDTA-collected serum was performed at the TNPRC 455 

clinical lab, using the Beckman Coulter AU480, according to the manufacturer’s instructions. The panel 456 

included albumin, glucose, cholesterol, triglycerides, aspartate aminotransferase (AST), alanine 457 

aminotransferase, (ALT), blood urea nitrogen (BUN), alkaline phosphatase (ALP), and lactate 458 

dehydrogenase (LDH). Hematological analysis on whole blood, including absolute quantification, and 459 

percentages of neutrophils, monocytes, lymphocytes, and eosinophils were performed on the Sysmex NX-460 

V-1000 Hematology Analyzer. 461 

4.4 Virological analysis: Genomic and subgenomic RNA quantitation  462 

Pre- and post-exposure samples of mucosal swabs (nasal and pharyngeal brush) were obtained for 463 

virological analysis. For RNA extraction from swab samples 200µL of 1× DNA/RNA Shield (Zymo) was 464 

added to each swab and RNA was extracted using the Zymo Quick RNA Viral Kit (Zymo) according to 465 

manufacturer’s instructions. Samples were eluted in 50µL volume. Subgenomic and genomic SARS-CoV-466 

2 mRNA were quantified as previously described using appropriate primers/probes, and cycling 467 

conditions 67,68, with the exception that, the probe for detection of the subgenomic nucleocapsid RNA 468 

was modified as described69. Briefly, qPCR analysis was conducted on a QuantStudio 6 (Thermo 469 
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Scientific, USA) using TaqPath master mix (Thermo Scientific, USA). Signals were compared to a standard 470 

curve generated using in vitro transcribed RNA of each sequence diluted from 108 down to 10 copies. 471 

Positive controls consisted of SARS-CoV-2 infected VeroE6 cell lysate. Viral copies per swab were 472 

calculated by multiplying mean copies per well by volume of swab extract. 473 

4.5 Vaccination 474 

10 animals were studied during the natural course of SARS-CoV-2 infection and 5 animals receive one 475 

dose of the BNT162b2 (Pfizer/BioNTech) vaccine 4 days post infection. 476 

4.6 Antibody response analysis  477 

Detection of SARS-CoV-2 spike (S), spike S1 RBD (S1 RBD), and nucleocapsid (N) proteins were performed 478 

using MSD S-PLEX CoV-2, MSD S-PLEX CoV-2 S1 RBD and MSD S-PLEX CoV-2 N assay kits for IgA, IgM, and 479 

IgG antibodies (Meso Scale Discovery, Rockville, MD). The assays were done according to the 480 

manufacturer’s instructions. Plasma samples were diluted 1/500-fold in the assay buffer provided. The 481 

plates were read using the MESO QuickPlex SQ 120MM reader. Sample quantitation was achieved using 482 

a calibration curve generated using a recombinant antigen standard. During analysis, any concentrations 483 

below the limit of detection (LOD) were assigned the LOD value, and any concentrations above the highest 484 

calibration standard were assigned its value. 485 

4.7 Hypersensitive T cell response  486 

Cell Stimulation Cocktail (eBioscience) containing phorbol 12-myristate 13-acetate (PMA), ionomycin, 487 

brefeldin A and monensin were used ×1 to stimulate PBMCs. Briefly, PBMCs were thawed, stimulated, 488 

and incubated for 6 hours in supplemented RPMI-1640 medium [10% human serum, 489 

penicillin/streptomycin (Invitrogen), 2 mmol/l L-glutamine (Invitrogen, Carlsbad, California, USA)] at 37°C, 490 

5% CO2. PBMCs were stained with Zombie Aqua (Biolegend, San Diego, CA)  for live/dead cell gating, and 491 

surface stained using the following pre-titrated antibodies from BD Biosciences (San Jose, California, USA) 492 
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or BioLegend: CD45-PerCP (BD, clone D058-1283 ), CD3- BV650 (BD, clone SP34-2 ), CD4- BV786 (BD, clone 493 

L200 ), CD8- BUV737 (BD, clone RPA-T8), CD28- BV605 (clone CD28.2), CD95- BV711 (clone DX2 ), CD69- 494 

PE-CF594 (clone FN50 ) and CD107a- BUV395 (BD, clone H4A3). Except for CD45-PerCP (NHP), all 495 

antibodies have verified reactivity to humans, and cross reactivity with NHPs. Cells were fixed and 496 

permeabilized using BD Fixation/Permeabilization solution (BD Biosciences) and stained for intracellular 497 

cytokines using the following antibodies from BioLegend: IL-2- BB700 (clone MQ1-17H12), TNF- APC (clone 498 

MAb11), IFNy- PE-Cy7 (clone 4S.B3), IL-4- BV421 (clone 8D4-8), IL-17A- PE (clone BL168). Cells were fixed 499 

in 2% PFA and acquired on a BD FACSymphony™ by the Flow cytometry core (TNPRC). Data were analyzed 500 

using FlowJo software, version 10.8.1 (Tree Star Inc., Ashland, Oregon, USA) or used for Spectre analysis 501 

in R (v4.2.1).70,71 502 

4.8 Plasma analyte (OLINK) analysis 503 

Plasma analytes were analyzed using a proximity extension assay (Olink, Proteomics)72. Plasma was 504 

collected from freshly collected blood in EDTA anticoagulant tubes and centrifuged at 650 × g for 10 505 

minutes. The plasma was aliquoted to minimize freeze-thawing and stored at -80°C. Samples were 506 

processed at the OLINK Analysis Services Lab in Waltham (MA, USA) or within the High Containment 507 

Research Performance Core (TNPRC). The Olink® Target 96 inflammation panel (Olink Proteomics AB, 508 

Uppsala, Sweden) was used to measure proteins following manufacturer’s instructions. In brief, pairs of 509 

oligonucleotide-labeled antibody probes are mixed with plasma to allow binding to their targeted protein. 510 

Oligonucleotides will hybridize in a pair-wise manner if the two probes are brought in proximity.  Reaction 511 

mixture containing DNA polymerase allows proximity-dependent DNA polymerization and creating a 512 

unique PCR target sequence. The amplified DNA sequence is quantified, quality controlled and normalized 513 

using internal control and calibrators. Protein levels are expressed as arbitrary units NPX values.  514 

4.9 Insulin determination 515 
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Insulin plasma levels were measured using the monkey insulin ELISA kit (AssayGenie, Dublin 516 

Ireland). The essay was conducted according to manufacturer’s instructions using 1/8 diluted samples. 517 

4.10 RNA Scope Analysis 518 

Formalin-fixed paraffin embedded (FFPE) tissues were collected at necropsy and sectioned at 5 μm. In-519 

situ hybridization (ISH) was conducted using RNAscope® 2.5 High Definition (HD) RED Assay Kit (Advanced 520 

Cell Diagnostics), according to the manufacturer’s directions. Briefly, FFPE tissue sections were 521 

deparaffinized in xylenes and dried, followed by incubation with hydrogen peroxide. Heat-mediated 522 

antigen retrieval was carried out in a steamer with the provided kit buffer. Samples were treated with the 523 

kit-provided protease and hybridized with the V-nCoV2019-S probe in a HybEZ oven (Advanced Cell 524 

Diagnostics). All washes were performed with the kit wash buffer. Signal amplification was accomplished 525 

with six successive AMP solutions and the kit-provided Fast Red dye. Slides were counterstained with 526 

hematoxylin. Control slides were included in every run to confirm specificity of staining and assess 527 

background. 528 

For imaging and quantitation, brightfield images were acquired using the Axio Observer 7 (Zeiss), 529 

equipped with ZEN blue edition software (v3.6.096.08000). Images were subjected to brightness and 530 

contrast enhancement in Photoshop (Adobe, v24.4.0) applied to the entire image. Slides were scanned 531 

with the Axio Scan.Z1 digital slide scanner (Zeiss). Scanned files were analyzed with HALO (Indica Labs, 532 

v3.4.2986.151) algorithm ISH (v4.1.3) for a non-biased measurement of copies on a cell-by-cell basis. The 533 

ISH algorithm was run in annotations specific to the tissue section of interest, using hematoxylin-stained 534 

nuclei to quantify the number of cells and Fast Red intensity and size accounted for positivity of the probe 535 

within the cell. Each resulting count was assessed individually, and all false positives were excluded.  536 

4.11 SARS-CoV-2 immunohistochemistry 537 
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Formalin-fixed, paraffin-embedded tissue sections were deparaffined using standard procedures followed 538 

by heat (microwave) induced antigen retrieval in a high pH solution (Vector Labs H-3301), rinsed in hot 539 

water and placed in heated low pH solution (Vector Labs H-3300) and allowed to cool to room 540 

temperature. Sections were washed in phosphate buffered saline, blocked with 10% normal goat serum 541 

(NGS) for 40 minutes and incubated for 60 minutes with a 1:1000 dilution of guinea pig anti-SARS antibody 542 

(BEI NR-10361). The slides were incubated with a 1:1000 diluted goat anti-guinea pig secondary Alexa 543 

Fluor 488 conjugated antibody (Invitrogen A11073) for 40 minutes. Nuclei were labelled with DAPI (4’,6-544 

diamidino-2-phenylindole). Images were taken with a Zeiss Axio.Z1 Slide Scanner and analyzed using HALO 545 

HighPlex FL v4.1.3 (Indica Labs). 546 

 547 

4.12 Periodic Acid Schiff 548 

Slides were deparaffinized on an auto Stainer (Histology Core, TNRPC) and subjected to Periodic Acid Schiff 549 

Hematoxylin stain (PASH) for glycogen. Briefly, slides were either treated with a 1% solution of diastase 550 

(control) or not, and samples oxidized with 1% Periodic Acid (Poly Scientific) for 10 minutes, washed, 551 

placed in Schiff’s reagent for 10 minutes, counterstained with hematoxylin and eosin (H&E), and cover 552 

slipped using standard procedures. Stain intensities were quantified using automated settings in 553 

ImageJ1.53t (Fiji)73. 554 

 555 

 556 

4.13 Histopathological scoring 557 
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All relevant tissue samples were fixed, paraffin-embedded and stained with H&E for histopathological 558 

analysis of inflammation, fibrosis, or other relevant pathologies by an experienced, board-certified 559 

pathologist.    560 

4.14 Bioinformatics (Protein-Protein interactions & pathway analysis) 561 

Protein-protein interaction analysis was performed mainly using STRING (Search Tool for the Retrieval of 562 

Interacting Genes/Proteins (v 11.5)74. The Homo sapiens database was selected for the input data search. 563 

Unless otherwise noted, the default settings were used, including 10 as the maximum number of 564 

interactors to show, and a medium confidence of 0.400. The top 3 functional enriched networks with FDR 565 

<0.05 are reported. Functional classification of proteins was determined using PANTHER (Protein Analysis 566 

Through Evolutionary Relationships; v 17.0; http://www.pantherdb.org/) classification system 75,76. 567 

BioGRID (v 4.4; https://thebiogrid.org/), a biomedical interaction repository, was also used to validate 568 

interactions between entries. 569 

4.15 Spectre analysis 570 

Spectre analysis was conducted as previously published70. The "CSV - Scale values" for each cell population 571 

of interest were exported from FlowJo. The exported data were analyzed using the Spectre R package 572 

workflow. Briefly, the flow cytometry standard (FCS) data were arcsinh transformed and clustered with 573 

FlowSOM. The clustered data were down sampled, and dimensionality reduction was performed with 574 

UMAP. The clusters were manually labelled as desired. Finally, the clusters were used to generate 575 

summary statistics, which were used for further statistical analysis. 576 

4.16 Statistical analysis and packages 577 

R was used to perform statistical analysis, principal components analysis, and ggplot2 (v 3.3.3) was used 578 

to create principal component plot, heat maps, and correlation matrices. To visualize the longitudinal 579 

changes in antibody levels over time, the data were log10-transformed. We employed the LOESS (Locally 580 
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Estimated Scatterplot Smoothing) regression method of the ggplot2 package for its ability to create 581 

smooth curves that effectively capture underlying trends and variations in the data. By utilizing ggplot2 in 582 

R, we enhanced scatterplots with these smooth LOESS regression curves, providing a clear representation 583 

of the evolving trends in both variables over time. 584 

Additional graphs were created using GraphPad Prism (v 9.0). Wilcoxon matched pairs signed-rank test 585 

was used for paired analysis, Spearman’s rank correlation tests for correlation, and PERMANOVA (in R; 586 

package vegan) for non-parametric ANOVA with permutations.  Statistical significance is indicated by p< 587 

0.05. 588 
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Figures 622 

 623 

Figure 1. SARS-CoV-2 infection of AGM is associated with a strong virologic, immunologic and 624 

hypersensitive response. (a) An overview of the study design and major analysis timepoints. (b) Kinetics 625 

of nasal and pharyngeal SARS-CoV-2 genomic nucleocapsid (N) RNA in unvaccinated and vaccinated 626 
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animals (left), and pie charts showing the percentage of animals with detectable pharyngeal genomic RNA 627 

in the vaccinated vs unvaccinated group at week 5 (right).  (c) Temporal assessment of antibody responses 628 

against spike, (d) S1RBD, and (e) nucleocapsid proteins in unvaccinated and vaccinated animals. (f) 629 

Comparative time point analysis (Baseline, BL, vs week, Wk, 3) of IgG, and (g) IgA responses against Spike 630 

protein. (h) Comparative time point analysis (Baseline, BL, vs week, Wk, 3) of IgG, and (i) IgA responses 631 

against S1RBD protein in unvaccinated and vaccinated animals. (j) The percentage of memory CD4+ T cells 632 

expressing IL-2, and (k) TNFα over time in response to PMA/ionomycin stimulation.  (l) The percentage of 633 

memory CD8+ T cells expressing TNFα over time in response to PMA/ionomycin stimulation. Wilcoxon 634 

matched pairs signed rank test with Benjamini-Hochberg correction (FDR) was used to compare time 635 

points. PERMANOVA was used for temporal comparisons between the unvaccinated and the vaccinated 636 

group.  Error bars represent SEM. BL: 1.5 weeks pre-infection. 637 

 638 
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639 

Figure 2. SARS-CoV-2 infection of AGM is associated with elevation and persistence of blood glucose 640 

concentration even after undetectable virus. (a) Levels of plasma glucose following infection over time. 641 

PERMANOVA analysis was used for statistical analysis to examine the cumulative difference between 642 

glucose levels in the two groups over time. (b) Pie charts showing the proportion of animals with glucose 643 

>100 mg/dL at baseline (BL) and week 1, 4, 12 and 16. (c) Glucose levels at BL and remained so at week 644 
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12 post-infection. Analysis conducted using Wilcoxon matched pairs signed rank test. (d) Pearson 645 

correlation between glucose levels and sub genomic nucleocapsid (N) and genomic N at day 3 post 646 

infection. (e) IgA response against N and S1RBD at week (Wk) 3 against unvaccinated animals with low 647 

and high glucose in the preceding week (week 2). (f) Triglyceride levels over time between to the 648 

vaccinated and unvaccinated group. PERMANOVA was used for statistical analysis (g) Total cholesterol 649 

levels between the unvaccinated and vaccinated group. Key: BL1 = baseline 1 (6.5 weeks pre-infection); 650 

BL2 = baseline 2 (1.5 weeks pre-infection); d3 = day 3; ns = non-significant; * = p<0.05; ** = p< 0.01. Error 651 

bars represent SEM. 652 

 653 
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Figure 3. Elevated inflammatory mediators during acute SARS-CoV-2 infection of AGM. (a) Heat-map 655 

depicts 15 plasma analytes dysregulated between baseline and week 1 during SARS-CoV-2 infection 656 

(p<0.05). Heat colors show standardized Z-scores; red indicates highest levels of analytes, and blue 657 

indicates lowest levels. Statistical significance was determined using the Wilcoxon signed rank test. PCA 658 

plot confirms significant differences in analyte expression at baseline (red) and week 1 (blue). Box insert 659 

shows 5 dysregulated analytes remaining significantly regulated after Benjamini-Hochberg (BH) correction 660 

(FDR<0.05). (b) Selected chemokines and (c) inflammatory markers upregulated in plasma of AGMs 661 

following SARS-CoV-2 infection. (d) STRING protein-protein interaction network based on the 15 662 

significantly differentially regulated plasma proteins at week 1. Proteins significantly regulated at p<0.05 663 

with FDR >0.05 are highlighted in gray. Those with FDR<0.05 are highlighted in red. (e) Top functionally 664 

enriched networks associated with the 15 regulated plasma proteins in STRING. Proteins in biological 665 

processes associated with regulation of leukocyte migration are highlighted in green. Proteins with 666 

molecular functions associated with receptor ligand activities are highlighted in yellow. Proteins 667 

associated with chemokine receptor binding, and macrophage proliferation are highlighted in red. 668 

Proteins in KEGG pathways associated with regulation of leukocyte migration are highlighted in blue. 669 

Proteins that entered the network based on close associations are denoted by gray. (f) PANTHER 17.0 670 

classification of differentially regulated proteins based on protein class, and (g) pathway.  671 

 672 

 673 

 674 

 675 

 676 
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 677 

Figure 4. Plasma levels of GDNF and CCL25 correlate with blood glucose. (a) A correlation matrix 678 

depicting the r values between SARS-CoV-2-modulated analytes at week 1, and plasma glucose 679 

concentrations at various timepoints. Blue-colored correlations = positive correlations and red-colored 680 

correlations = negative correlations (raw p value correlation matrix in Fig. S2). Spearman’s rank correlation 681 

was used for statistical analysis. (b) Spearman’s correlations between plasma CCL19 or GDNF with glucose 682 
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across baseline, week 1, 4 and 12 in the unvaccinated group. (c) Plasma GDNF in AGMs at various 683 

timepoints. Statistical significance was determined using the Wilcoxon signed rank test; * p<0.05, ** 684 

p<0.01. (d) Spearman’s correlations between plasma CCL19 and GDNF across baseline, week 1, 4 and 12 685 

in the unvaccinated group. (e) Comparative analysis showing plasma GDNF levels in unvaccinated (left 686 

panel) and vaccinated (right panel) animals at baseline (BL) and weeks 1-3. (f) Spearman correlation 687 

between blood glucose and insulin across baseline, week 1, 4, 8, 16 and 12 in the unvaccinated group.  (g) 688 

Unbiased STRING analysis, using custom setting with GDNF as the sole input. (h) BioGRID protein-protein 689 

analysis tool using customs settings and Homo sapiens database used to validate GDNF interactions 690 

(proteins of interest highlighted by arrows). 691 

 692 
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 693 

Figure 5. Multi-level analysis by Spectre identifies invitro-generated polyfunctional CD4 T cell 694 

populations correlating with plasma glucose and GDNF levels. (a) UMAP plot showing total CD4 (cluster 695 

A) and CD8 (cluster B) T cells in unstimulated PBMCs. (b) UMAPS showing expression of selected cell 696 
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surface phenotypic, and inflammatory markers in unstimulated PBMCs. (c) UMAP plot showing clusters 697 

A-I (see cluster details in Fig. S4) within the CD4 and CD8 T cell populations of PMA/I treated PBMCs. (d) 698 

UMAPS showing expression of selected cell surface phenotypic, and inflammatory markers in PMA/I 699 

stimulated PBMCs.  (e-f) Spearman correlations between blood glucose levels in unvaccinated animals 700 

and polyfunctional populations. (g-h) Spearman correlations between plasma GDNF levels in unvaccinated 701 

animals and polyfunctional populations. 702 

 703 

 704 

Figure 6. Persistence of SARS-CoV-2 RNA in tissues of AGMs up to 18 weeks post infection. (a-c) 705 

Representative images of RNAscope RED using the SARS-Spike (S) probe in duodenum, liver, and pancreas 706 

in non-infected animals, (d-f) 4 weeks post infection (p.i.), and (g-i) 18 weeks p.i. RNAscope RED was used 707 

to visualize the SARS-S expression frequency in the tissues, counterstained with hematoxylin. Black arrows 708 

note the presence of SARS-S copies as red dots by colorimetric RNAscope. (j-k) Representative validation 709 
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images of RNAscope RED using the SARS-S probe in lungs of non-infected, and 4 weeks p.i. animals. Tissues 710 

were counterstained with hematoxylin. (l-m) Fluorescent immunohistochemistry in a SARS-CoV-2 positive 711 

control (l) and a representative animal 18 weeks p.i. (m). Blue = DAPI; Green = anti-SARS antibody. 712 

 713 

 714 

Figure 7. Liver glycogen levels and relationship with blood glucose. (a) A model of liver glucose 715 

homeostasis during SARS-CoV-2 infection. Elevated blood glucose triggers glycogenolysis, which stores 716 

glucose into glycogen. Increased glucagon levels in SAR-CoV-2 infection stimulates the conversion of 717 

stored liver glycogen back to glucose perpetuating a vicious cycle. (b) Representative image of Periodic 718 

acid–Schiff staining of AGM liver at 18 weeks post infection (p.i.) without diastase (upper panel), and with 719 

diastase (lower panel). (c) Glycogen levels in livers from uninfected AGMs, 4-week p.i (short term) and at 720 

18-week p.i (long term unvaccinated or vaccinated). (d-f) Spearman’s correlation between blood glucose 721 

at various weeks and hepatic glycogen at 18 weeks p.i. in unvaccinated (black dots) or vaccinated (red 722 
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dots). Intensity of stain was quantified as either delta mean intensity (difference between diastase 723 

treatment and untreated), or absolute intensity.  724 

 725 

Table 1. Characteristics of the study population, and the vaccinated and unvaccinated subpopulations. 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 
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Supplementary figures 738 

 739 

 740 

Figure S1. Analysis of major immune cells in blood of infected AGMs over time. (a-b) Changes in the 741 

percentage and absolute counts of monocytes, (c-d) lymphocytes, and (e-f) neutrophils in SARS-CoV-742 

2infected vaccinated or unvaccinated AGMs. *p<0.05; **p<0.01. 743 

 744 

 745 
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 746 

Figure S2. Correlation analysis between blood glucose and 747 

analytes regulated at week 1 in unvaccinated animals. 748 

Correlation matrix depicting the correlations (p values) between 749 

SARS-CoV-2-modulated analytes at week 1, and plasma glucose 750 

concentrations at specific timepoints. Spearman’s rank correlation 751 

was used for statistical analysis.  752 

 753 

 754 

 755 

 756 

 757 

 758 
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 759 

Figure S3. Gating strategy for Spectre and T cell hypersensitivity analysis.  Red arrows show the gating 760 

steps. Tn = T naive; Tcm = T central memory; Tem = T effector memory. Total memory was defined as Tcm 761 

+ Tem. 762 

 763 
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 764 

Figure S4. Heat maps from Spectre analysis show populations in untreated PBMCs and PMA/I treated 765 

cells. The heatmaps used to analyse and identify the unstimulated (a) and PMA/I (b) cell populations 766 

presented in Fig. 5a and 5b, respectively. CD4+ T cells are also defined as CD3+CD8- cells due to down 767 

regulation of CD4 upon PMA/I activation. 768 

 769 

 770 
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 771 

Figure S5. Histopathology of left anterior lungs showing representation of scoring scale used for 772 

analysis. Lung histopathology, hematoxylin & eosin stain. The histological changes in the lung were scored 773 

on the scale of 0 to 4. The changes evaluated for scoring include inflammation, pneumocyte type II 774 

hyperplasia, and fibrous connective tissue formation. (a) shows representative pictures of the histological 775 

changes and the scores. Panel A Score 1; minimal changes. Blue arrow indicates expanded alveolar spaces.  776 

Panel B. Score 2; mild changes. Panel C. Score 3; moderate changes. Panel D. Score 4; marked changes. 777 

Red arrow indicates diminished alveolar spaces due to inflammation. (b) Panel A shows a representative 778 

picture of pneumocyte type II hyperplasia from an animal infected with SARS-CoV-2. Orange arrows show 779 

marked pneumocyte type II hyperplasia. Panel B shows relatively normal alveolar septa with no 780 

pneumocyte type II hyperplasia for comparison. (c) Inflammation score of the right lower lungs (RLL, left), 781 

and composite inflammation score of the RLL (right). The scores consider the numbers of noticeable 782 

inflammatory cells present, pneumocyte type II hyperplasia, and the degree of fibrous connective tissue 783 

formation.  A. Score 1; minimal. B. Score 2; mild. C. Score 3; moderate. D. Score 4; marked. 784 

 785 

 786 
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 787 

Figure S6. Representative H&E images of pancreas from SARS-CoV-2 infected AGMs.  (A) is given an 788 

inflammation Score 0, no visible inflammation. The Islets of Langerhans (blue arrows), and exocrine 789 

pancreas (red arrow) are within normal limits. (B) is given a Score 1, minimal inflammation. The blue arrow 790 

shows an islet of Langerhans with no significant histological changes. Inflammation (orange arrow) is often 791 

within the exocrine pancreas, and periductular tissue (not shown). 792 

Table S1. Significantly regulated plasma analytes between baseline and week 1 in SARS-CoV-2 infected 793 

AGMs. 794 

 795 

 796 

 797 

 798 

 799 

 800 
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Table S2.  Significantly functionally enriched 801 

networks based on significantly regulated plasma 802 

analytes between baseline and week 1 in SARS-CoV-803 

2 infected AGMs. 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

Table S3. Spearman correlation analysis between blood 815 

glucose (week 0, 1, 4, 12) and plasma analytes (Olink data) 816 

in unvaccinated SARS-CoV2-infected AGMs. 817 

 818 

 819 

 820 
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