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ABSTRACT  29 
 30 

Feline immunodeficiency virus (FIV) is the domestic cat analogue of HIV infection in 31 

humans. Both viruses induce oral disease in untreated individuals, with clinical signs that include 32 

gingivitis and periodontal lesions. Oral disease manifestations in HIV patients are abated by 33 

highly effective combination antiretroviral therapy (cART), though certain oral manifestations 34 

persist despite therapy. Microorganisms associated with oral cavity opportunistic infections in 35 

patients with HIV cause similar pathologies in cats. To further develop this model, we evaluated 36 

characteristics of feline oral health and oral microbiome during experimental FIV infection over 37 

an 8-month period following cART. Using 16S metagenomics sequencing, we evaluated gingival 38 

bacterial communities at four timepoints in uninfected and FIV-infected cats treated with cART 39 

or placebo. Comprehensive oral examinations were also conducted by a veterinary dental 40 

specialist over the experimental period. Gingival inflammation was higher in FIV-infected cats 41 
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treated with placebo compared to cART-treated cats and controls at study endpoint. Oral 42 

microbiome alpha diversity increased in all groups, while beta diversity differed among 43 

treatment groups, documenting a significant effect of cART therapy on microbiome community 44 

composition. This finding has not previously been reported and indicates cART ameliorates 45 

immunodeficiency virus-associated oral disease via preservation of oral mucosal microbiota.  46 

Further, this study illustrates the value of the FIV animal model for investigations of mechanistic 47 

associations and therapeutic interventions for HIV oral manifestations.  48 

 49 

IMPORTANCE 50 

Feline Immunodeficiency Virus (FIV) is the viral analogue to HIV in humans, and both 51 

infections are associated with oral disease. Our study explored how antiretroviral treatment 52 

affects the oral health and microbiome of domestic cats infected with FIV. Cats treated with 53 

antiretroviral therapy had less gum inflammation and a different community of oral bacteria 54 

compared to untreated FIV-positive cats. This suggests that antiretroviral therapy not only helps 55 

in controlling FIV infection but also benefits feline oral health. These findings advance our 56 

understanding of antiretroviral treatment for lentiviral-associated oral disease and highlight FIV 57 

as a valuable experimental model for the similar condition in humans. 58 

 59 
INTRODUCTION 60 

Feline immunodeficiency virus (FIV) is a common and incurable infection of domestic 61 

cats and a disease analogue to HIV in humans (Miller et al., 2018; Pedersen et al., 1987). 62 

Untreated FIV and HIV infections induce oral dysbiosis in the host and commonly result in oral 63 

manifestations (Kolenda-Roberts et al., 2007; Kornya et al., 2014; Mataftsi et al., 2011). Oral 64 

disease can manifest as oral candidiasis (“thrush”), linear gingival erythema, necrotizing 65 

ulcerative gingivitis, and necrotizing ulcerative periodontitis in humans, and as the analogous 66 

feline chronic gingivostomatitis (FCGS) in cats. Each of these disease manifestations are 67 

characterized by a shift in the community composition of the oral microbiome. Changes in the 68 

feline oral microbiome associated with FCGS have been documented (Harris et al., 2015; 69 

Rodrigues et al., 2019), but studies elucidating the specific effects of FIV are contradictory and 70 

require further study (Older et al., 2020; Weese et al., 2015).  71 
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 Highly effective combination antiretroviral therapy (cART) for humans living with HIV 72 

has significantly decreased incidence of oral manifestations; however, oral disease 73 

manifestations continue to be documented, particularly in children (Freeman et al., 2012; 74 

Lauritano et al., 2020; Miziara & Weber, 2008; Okunseri et al., 2003; Soares et al., 2004; 75 

Vaseliu et al., 2005). It is unknown whether the ameliorating impact of cART on oral disease is 76 

related to a direct antiviral effect, a byproduct of stabilized oral immune function, or a 77 

combination of these or other factors. Gingivitis and other oral diseases are the most common 78 

symptom of chronic FIV-infection in naturally infected domestic cats (Friend et al., 1990; 79 

Hofmann-Lehmann et al., 1998; Miller et al., 2018; Westman et al., 2022). While FIV-infected 80 

cats have been treated less commonly with antiviral drugs, several potentially effective regimens 81 

have been documented (Arai et al., 2002; Bisset et al., 2002; Egberink et al., 1990; Kim et al., 82 

2023). Therefore, we investigated the impacts of cART on oral microbiome and oral health to aid 83 

hypothesis generation about mechanisms and as a prelude to potential therapeutic interventions.   84 

We performed detailed examinations of the oral cavities of cats following experimental 85 

infection with FIV in conjunction with 16S rRNA sequencing of gingival biopsies to investigate 86 

oral microbial community structure. Cats were divided into three experimental groups (healthy 87 

uninfected (Control), FIV+ placebo-treated (Placebo), and FIV+ cART-treated (cART)). We 88 

hypothesized that this study design would enable longitudinal comparisons among the three 89 

treatment groups that would disentangle the independent effects of FIV and antiretroviral therapy 90 

on feline oral health and the oral microbiome. 91 

 92 

RESULTS 93 

 94 

Assessment of feline oral health 95 

Eighteen cats were divided into three treatment groups (Figure 1): age and sex-matched healthy 96 

uninfected (Control), FIV+ placebo-treated (Placebo), and FIV+ cART-treated (cART). Viral 97 

load, hematologic parameters, and cART pharmacokinetics have been previously reported (Kim 98 

et al., 2023). 99 

 100 
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 101 
Figure 1. Three experimental groups of six cats each were included in the 33-week study (N=18 102 
cats total): control, FIV+ Placebo, and FIV+ cART (Kim et al., 2023). 103 
 104 

Gingival inflammation varied among treatment groups over time (Figure 2A, B, Table 105 

1). Inflammation decreased slightly over time in the cART group, exhibited a slight increase in 106 

the Control group and increased markedly in the Placebo (Figure 2A, B). The temporal pattern 107 

of gingival inflammation in cART-treated cats differed significantly from the Control and 108 

Placebo groups (Table 1). At week 33, we observed lower inflammation in cART cats compared 109 

to Placebo cats (Figure 2A, B). Attachment loss also varied among treatment groups, increasing 110 

in all groups over time, but with the most marked increase occurring in the Placebo group 111 

(Figure 2C, D). Attachment loss in the Placebo group increased more than in the cART group 112 

(Table 1), and at week 33 we observed significantly lower attachment loss in cART cats 113 

compared to Placebo cats (Figure 2C).  114 

We also measured oral cavity inflammation and submandibular lymph node reactivity. 115 

Oral cavity inflammation, quantified by the Stomatitis Disease Activity Index (SDAI), remained 116 

at baseline (SDAI = 2) for all animals at all timepoints in the study. However, we noted a time by 117 

treatment relationship in submandibular lymph node size, with both left and right lymph nodes 118 

exhibiting the same relationship (Table 1, see Figure 2E, F for the left lymph node). 119 

Submandibular lymph node size increased overall in all three groups. In contrast to the Control 120 
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and Placebo groups, the cART group exhibited a marked increase in lymph node size to week 11 121 

and decreased thereafter (Table 1, Figure 2E, F).  122 

 123 
Figure 2. Oral health indices disrupted by FIV infection are ameliorated in the cART 124 
treatment group after 33 weeks. Oral health was assessed in three treatment groups (Control, 125 
FIV+ placebo-treated [Placebo], and FIV+ cART-treated [cART]) over the course of 33 weeks 126 
post-FIV inoculation. Gingival inflammation (A, B), attachment loss (C, D), and lymph node 127 
size (E, F) varied significantly among treatment groups over time (see Table 1 for statistics and 128 
post-hoc comparisons). Oral health measures are presented as line plots (A, C, E) next to their 129 
respective spline fits from GAM analyses (B, D, F). Lines are colored by treatment (black = 130 
Control, blue = Placebo, red = cART). Shading represents standard deviations of the spline fits. 131 
Vertical line indicates when cART treatment commenced.  132 
 133 
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Table 1. Measures of oral health and gingival microbiome alpha and beta diversity differed 134 
significantly among treatment groups over the course of the study. Mixed effects 135 
Generalized Additive Models testing if (1) variables differ among Treatment groups (Control, 136 
Placebo, cART) on average; (2) variables change over time for each Treatment group (spline-fit 137 
of interaction term between Treatment and Week); and (3) post-hoc comparisons testing if the 138 
temporal dynamics of variables differ among Treatment groups, represented by letters (a, b, c) 139 
adjacent to p-values. Bolding denotes cases where post-hoc comparisons identify Treatments to 140 
differ over time. Model deviance also given. PERMANOVA is also presented performing a 141 
comparable analysis for beta diversity. Note that PERMANOVA considers linear effects of time 142 
on microbial community structure only, so an overall fixed Week*Treatment interaction was 143 
included, followed by post-hoc testing of the interaction among Treatment pairs.  144 
 145 
    Treatment sWeek*Control sWeek*Placebo sWeek*cART Deviance (%) 

Oral Health 
Gingival F 0.99 3.82 7.13 4.41 47.5 
Inflammation P 0.376 0.054 a <0.001 a 0.039 b   
Attachment Loss F 0.75 3.78 19.1 3.22 64.7 
  P 0.476 0.026 ab <0.001 a 0.015 b   
Lymph Node Size F 6.62 5.30 15.38 9.95 64.5 
Right P 0.002 0.024 a 0.002 a <0.001 b   
Lymph Node Size F 5.79 2.03 5.98 7.31 57.7 
Left P 0.004 0.121 a <0.001 a <0.001 b   

Microbiome 
Shannon 
Diversity F 1.17 2.26 7.25 5.08 36.1 
  P 0.318 0.138 a 0.001 b 0.028 a   
Inverse Simpson F 1.75 0.63 3.64 0.70 17.8 
Diversity P 0.181 0.431 a 0.029 a 0.408 a   
Vegan Richness F 0.31 0.67 6.23 1.69 28.6 
  P 0.733 0.448 a 0.002 b 0.198 a   
PERMANOVA F 1.08 Week*Treatment: F = 7.70, P <0.001 27.7 
  P <0.001 a b c  

 146 

16S rRNA sequencing and alpha diversity of the oral microbiome 147 

To evaluate the diversity and structure of the oral microbiome, gingival biopsies were 148 

collected at weeks -1, 5, 11 and 24 post-inoculation and subjected to 16S rRNA sequencing. 149 

Next-generation amplicon sequencing datasets were recovered from 72 feline gingival biopsies, 150 

three negative controls, and three positive controls (N=78 samples total) with sufficient coverage 151 

depth for OTU clustering (Supp. Figure 1A, B).  After quality control, the median sequencing 152 

depth for non-control samples was 47,769 sequences (range: 9223-85797) with a median of 49 153 
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OTUs per sample (range: 25-105). A total of 37 unique OTUs were observed in the three 154 

negative control samples (Supp. Figure 3). The overall sequencing error rate was 0.000465%.  155 

 156 

Three measures of alpha diversity were calculated using the OTU counts for each sample: 157 

Shannon Diversity index, Inverse Simpson Diversity index, and Vegan-Normalized Richness  158 

(Supp. Table 1). All measures showed a similar overall increase among the treatment groups 159 

(Table 1). Alpha diversity did not differ between the Control and cART groups, whereas the 160 

Placebo group differed over time (by most measures), exhibiting increased alpha diversity 161 

around week 11, declining to similar levels as Control and cART by week 33 (Table 1, Figure 3, 162 

Supp. Figure 2).  163 

We also evaluated if there was a relationship of alpha diversity with gingival 164 

inflammation and attachment loss, finding no correlation (Spearman correlations: r = 0.07, P = 165 

0.556 and r = 0.07, P = 0.583, respectively). 166 

 167 
Figure 3. The temporal pattern of alpha diversity of the gingival microbiome in cART-168 
treated cats more closely resembled uninfected control cats, and both differed from the 169 
FIV+ placebo-treated group. The normalized richness of the gingival microbiome at study 170 
weeks -1, 5, 11 and 24 post-inoculation is shown for three treatment groups of domestic cats: 171 
uninfected control (Control), FIV+ placebo-treated (Placebo), and FIV+ cART-treated (cART) 172 
(N = 72 samples, six per treatment group). Expected richness for each sample normalized by the 173 
minimum sequencing depth was calculated on the OTU level from 16S rRNA sequencing data 174 
using the rarefy() function in the R package ‘vegan’. In plot A each line is an individual cat, 175 
colored by treatment (black = Control, blue = Placebo, red = cART). In plot B, the associated 176 
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spline fit from GAM analysis is presented, with shading representing standard deviations. 177 
Vertical line indicates when cART treatment commenced.  178 
 179 

Beta diversity of the oral microbiome  180 

We detected a diverse oral microbiome across individuals in this study, with distinct 181 

variation among individuals, across treatment groups, and over the course of the study (Figure 182 

4).  The phyla with the highest average relative abundance across all three treatment groups at all 183 

time points were Proteobacteria, Bacteroidetes, Fusobacteria, Actinobacteria and Firmicutes 184 

(Figure 5). At weeks 1 and 5 post-inoculation, Proteobacteria were dominant with mean relative 185 

abundances between 0.68 and 0.79 in all three treatment groups, whereas in weeks 11 and 24 of 186 

the study the predominant phyla were more evenly distributed among Proteobacteria, 187 

Bacteroidetes, and Fusobacteria.  188 

Although we did not observe differences among treatment groups at the level of alpha 189 

diversity at the end of the study, we did find differences in beta diversity in samples from 190 

different treatment groups and study weeks (Figure 6). Both treatment group and the interaction 191 

between treatment group and week had a significant effect on microbial community structure at 192 

the OTU level (Table 1). Pairwise comparisons indicated that differences in microbial 193 

community structure over time existed among all treatment groups (Table 1), as illustrated by 194 

the differing trajectories of community structure (Figure 6).  195 
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 196 
Figure 4. The composition of the gingival microbiome varied among individual cats, across 197 
treatment groups, and over time. Bacterial families observed in three treatment groups of 198 
domestic cats (uninfected control (Control), FIV+ placebo-treated (Placebo) and FIV+ cART-199 
treated (cART); 6 cats/group), over the course of a six-month study are shown. Samples were 200 
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collected from all individuals on weeks -1, 5, 11, and 24 for a total of N = 72 samples. Each bar 201 
represents the non-normalized proportions of bacterial families detected in greater than 1% of a 202 
sample. Each sample was generated from a single gingival biopsy collected from one cat at one 203 
time point and then subjected to 16S rRNA sequencing.  204 
 205 

 206 
Figure 5. Oral microbiomes were dominated by Proteobacteria, Bacteroidetes, Fusobacteria, 207 
Actinobacteria and Firmicutes across all three treatment groups at all time points. Relative 208 
abundances are shown for bacterial phyla identified by 16S rRNA sequencing of gingival 209 
biopsies collected from three treatment groups of domestic cats (uninfected control (Control), 210 
FIV+ placebo-treated (Placebo) and FIV+ cART-treated (cART); 6 cats/group), over four 211 
timepoints (study weeks -1, 5, 11, and 24) (N = 72 samples). Each bar presents all bacterial phyla 212 
detected in greater than 1% of a sample for one treatment group of cats at one time point. 213 
 214 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2024. ; https://doi.org/10.1101/2024.07.10.602918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.10.602918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11 

  215 
Figure 6. The beta diversity of the oral microbiome differed significantly among treatment 216 
groups over time. Variation in gingival 16S microbial community structure at the OTU level is 217 
shown for three treatment groups of domestic cats (Control, FIV+ placebo-treated (Placebo), and 218 
FIV+ cART-treated (cART)) over four timepoints (study weeks -1, 5, 11, and 24) (N = 72 219 
samples). Data are visualized in two dimensions with non-metric dimensional scaling (NMDS) 220 
of the Bray–Curtis dissimilarity matrix. Numbers and polygons show groupings of treatment and 221 
time groups. Arrows represent the centroid of each treatment group over time and can be 222 
interpreted as average trajectories of community change. 223 
 224 

DISCUSSION 225 

FIV infection of domestic cats has many parallels to HIV infection in humans, and the 226 

development of oral dysbiosis is a characteristic of both of these diseases. Although antiretroviral 227 

therapies are ubiquitous in human medicine and have been described in felids, few studies have 228 

considered oral health and disease in combination with these therapies. To address this gap, we 229 

evaluated the oral health and microbiomes of domestic cats experimentally infected with FIV, 230 

with and without combination antiretroviral therapy consisting of two reverse transcription 231 
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inhibitors, tenofovir disoproxil fumarate and emtricitabine, and the integrase inhibitor 232 

dolutegravir.  233 

The most notable findings of our study are specific differences in feline oral health and 234 

microbiome community structure associated with cART treatment. In particular, the differences 235 

in gingival inflammation and attachment loss among treatment groups indicate a beneficial effect 236 

of cART on the oral health of FIV+ cats. The alpha diversity of the oral microbiome in cART 237 

cats also followed a similar temporal pattern as that of uninfected control cats and was distinct 238 

from the Placebo group. Furthermore, overall microbial community structure differed 239 

significantly among all three treatment groups over the course of the study.  240 

Although the majority of microbial taxa observed across all three treatment groups were 241 

consistent with previous reports of the feline microbiome (Harris et al., 2015; Older et al., 2020; 242 

Rodrigues et al., 2019; Weese et al., 2015), these taxa were detected in different proportions in 243 

the three treatment groups at the final time point assessed. This result indicates that distinct shifts 244 

in gingival microbial community structure occurred over the course of the study associated with 245 

FIV infection and treatment. Interestingly, we found no discernible effect of FIV infection alone 246 

(Placebo vs. Control) on oral microbiome diversity or composition. It is possible that alterations 247 

in the oral microbiome that have been associated with untreated FIV infection in the past 248 

(Rodrigues et al., 2019; Weese et al., 2015) do not develop prior to the establishment of the 249 

chronic stage of disease. During this stage, immunosuppression and ongoing periodontal disease 250 

can cause significant alterations in oral microbiome diversity and composition due to overgrowth 251 

of opportunistic microorganisms. Thus a logical future direction is to extend this research to a 252 

more advanced stage of periodontal disease associated with the chronic phase of infection. 253 

The changes in the structure of the feline oral microbiome in the presence of cART 254 

therapy observed in our study have not previously been reported. However, our findings are 255 

consistent with previous investigations of the oral and intestinal microbiomes of HIV+ 256 

individuals on antiretroviral therapy compared to HIV- individuals. One study described an 257 

antibacterial effect of ART, associated with drug category, that could lead to exacerbated 258 

dysbiosis in the human gut microbiome (Ray et al., 2021). In another study, HIV+ subjects 259 

exhibited detectable differences in intestinal but not salivary microbiota compared to HIV- 260 

control subjects (Meng et al., 2023). However, throat swabs from HIV+ individuals exhibited 261 
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decreased microbial diversity compared with the HIV- control subjects before and after 262 

beginning retroviral therapy (Li et al., 2021).  263 

Two recent studies used multivariate analyses to assess the relationships between HIV 264 

infection, antiretroviral therapy and the oral microbiome, together demonstrating significant, 265 

independent effects of HIV infection and ART (Beall et al., 2023; Griffen et al., 2019). In 266 

addition to cross-sectional studies demonstrating antimicrobial effects of ART in patients, direct 267 

testing of drugs in vitro has also been conducted. A recent study assessed the effects of twenty-268 

five antiretroviral drugs on Bacillus subtilis and Escherichia coli growth (Shilaih et al., 2018). 269 

The strongest effects were observed in the presence of Efavirenz, 2′,3′-dideoxyinosine and 270 

zidovudine, but tenofovir disoproxil fumarate, emtricitabine, and Raltegravir (another integrase 271 

inhibitor) also exhibited antibacterial activity. 272 

We observed significant differences in gingival inflammation, attachment loss, and 273 

submandibular lymph node size among treatment groups over the 33-week study period. Signs of 274 

gingivitis were more prominent in the Placebo group of cats, with significantly higher gingival 275 

inflammation and attachment loss compared to the cART group by the end of the study. This 276 

finding, in combination with the differences we observed in the structure of the oral microbiome, 277 

indicates that antiretroviral treatment can have a positive impact on feline oral health. We also 278 

noted increased submandibular lymph node reactivity in the cART group at week 11. Regional 279 

lymphadenopathy occurring after two months of FIV infection may be a response to active viral 280 

replication during the acute phase of FIV. Oral lymphoid tissues in particular experience 281 

increased FIV viral loads and have been proposed as a key site for FIV replication (Miller et al., 282 

2017). As previously reported, circulating FIV viral RNA peaked in week 2 for the Placebo 283 

group, and not until week 6 for the cART group (Kim et al., 2023). Furthermore, viral load was 284 

reduced in the saliva, but not plasma of the cART group as compared to the Placebo group.  285 

 Interestingly, week 11 was also the timepoint at which the alpha diversity of oral 286 

microbiome in the Placebo group peaked, and was significantly higher than the cART and 287 

Control groups. This finding supports our hypothesis of a possible antibacterial effect of cART 288 

treatment. It is possible that other study variables prevented us from detecting this effect at other 289 

timepoints. Alpha diversity increased across all three treatment groups over the course of the 290 

study, most likely due to changes that occur during the first year of development as juvenile cats 291 

become more independent and permanent dentition is established (Spears, 2017).  292 
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The experimental design of our study controlled for environment, diet, breed, and 293 

sampling method, which, among other factors, may impact feline oral microbiome structure 294 

(Adler et al., 2016; Older et al., 2019; Sturgeon et al., 2014). Nonetheless, our characterization of 295 

the bacterial microbiome is likely incomplete due to inherent limitations in 16S metagenomic 296 

sequencing. Future studies could use complementary metagenomic approaches to increase 297 

taxonomic resolution, gain functional information, and identify microorganisms not captured 298 

with 16S. Evaluating oral fungal communities may be particularly valuable, as certain fungal 299 

species have previously been associated with the pathogenesis of FCGS (Krumbeck et al., 2021). 300 

Our study illustrates the changes in oral health and microbiota associated with treated and 301 

untreated multi-month FIV infection in domestic cats. Specifically, our findings demonstrate the 302 

significant influence of combination antiretroviral therapy on the gingival tissues of FIV+ cats. 303 

Antiretroviral therapy initiated early in FIV infection led to shifts in the community structure of 304 

the oral microbiome. Furthermore, the development of FIV-associated oral manifestations was 305 

only observed after 35 weeks of infection, and at this point we observed decreased gingival 306 

inflammation in the cART treatment group. This result highlights the importance of extended 307 

longitudinal studies that capture the establishment of the chronic stage of FIV infection.  308 

 309 

MATERIALS AND METHODS 310 

 311 

Study population 312 

Study animals were maintained within a research cat colony at Colorado State University, 313 

an Association for Assessment and Accreditation of Laboratory Animal Care International 314 

(AAALAC)-international accredited institution. The study design was reviewed and approved by 315 

the Colorado State University Clinical Research Review Board and Institutional Animal Care 316 

and Use Committee (IACUC; protocol #1142). Animals used for the study were part of a larger 317 

research study aimed at determining if cART could be a viable treatment for cats infected with 318 

FIV (Kim et al., 2023). 319 

A total of 18 domestic shorthair cats were enrolled in the study and divided into three 320 

groups. Groups were matched to distribute age, gender, sex, and littermates randomly. Sex 321 

included 9 intact females and 9 neutered male cats. Study cats ranged in weight from 2.8 to 4.4 322 

kgs and 26 to 39 weeks (6.5 to 10.5 months) old at the start of the study and 60 to 73 weeks (15 323 
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to 18.25 months) old at the end of the study. Cats included in the study were clinically healthy 324 

with complete adult dentition. Exclusion criteria included incomplete dentition, history of oral 325 

trauma, dental malformations that would inhibit periodontal scoring, and oral mucosa 326 

inflammation. Cats were also excluded from the study if antibiotics or anti-inflammatory 327 

medications had been administered within 30 days of the study start date.  328 

All cats were housed in a communal living situation of 3-4 cats per housing unit and 329 

received the same commercially available diet (IAMS Proactive Health). Various commercially 330 

available wet foods were used as positive reinforcement during cART and placebo 331 

administration (Nestlé PURINA Fancy Feast and Friskies, INABA Foods Churu). Once infected, 332 

FIV+ cats were housed separately from control cats. All cats were specific pathogen free (SPF) 333 

and raised in the same SPF colony setting for the duration of the study. All cats were monitored 334 

regularly during the day with attention paid to individual eating, energy levels, grooming 335 

behavior, oral comfort, and body condition. Physical examinations including weight, 336 

temperature, heart rate, respiratory rate, and mentation were performed weekly weeks 0-6, then 337 

every other week for the remainder of the study period. 338 

 339 

FIV Inoculation and Treatment Groups 340 

 Three groups of six cats were devised for the study: healthy uninfected (Control), FIV+ 341 

placebo-treated (Placebo), and FIV+ cART-treated (cART). At week 0, twelve of the 18 cats 342 

selected for the study were inoculated intravenously (IV) and orally with FIVC36 viral stock 343 

diluted 1:80 with 0.9% sterile saline, a molecular clone of FIV that is immunopathogenic and 344 

induces reproducible oral lesions (de Rozières et al., 2004; de Rozìeres et al., 2008; Magden et 345 

al., 2013; Miller et al., 2011). The six cats in the Control group were sham inoculated with 1 mL 346 

of 0.9% saline. Beginning at week 5 post-inoculation through week 24, six FIV+ cART cats were 347 

treated with daily cART administered subcutaneously consisting of two reverse transcription 348 

inhibitors, tenofovir disoproxil fumarate (PMPA, 20 mg/kg/day, donated by ViiV Healthcare) 349 

and emtricitabine (FTC, 40 mg/kg/day, donated by Gilead), and an integrase inhibitor 350 

dolutegravir (DTG, 2.5 mg/kg/day, donated by Gilead). The remaining six FIV+ Placebo cats 351 

received 1 mL daily subcutaneous injections of 15% kleptose, the cART vehicle. Details about 352 

viral infection, drug absorption, and hematologic parameters observed during the study have 353 

been described (Kim et al., 2023). 354 
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 355 

Oral health data and sample acquisition 356 

All cats were sedated with a similar anesthetic protocol that included Ketamine 2 mg/kg 357 

(100 mg/mL), Butorphanol 0.2 mg/kg (0.3 mg/mL), and Dexdomitor 0.01 mg/kg (0.5 mg/mL). A 358 

blinded veterinary dental specialist performed all oral examinations and sample collections. Once 359 

sedated, full mouth intraoral radiographs were acquired using a size 2 digital radiography sensor 360 

connected to a computer with digital imaging software. All images were stored in Digital 361 

Imaging and Communications in Medicine (DICOM) format on the acquisition computer. 362 

Intraoral and dental photographs were acquired of all regions of the mouth. Radiographs and 363 

regions photographed were evaluated at the time collection for inflammation and signs of 364 

attachment loss. Radiographs were used to supplement and confirm findings on probing.  365 

A complete extraoral-intraoral examination was performed. Bilateral mandibular lymph 366 

nodes were palpated, and the level of reaction was recorded as normal (no enlargement, 0), mild 367 

(slight increase in size and firmness of one lymph node, 1), moderate (marked increase in size of 368 

two lymph nodes, 2), or severe (2 or more lymph nodes palpating larger than mandibular salivary 369 

gland, 3). Intraoral examination was performed with a UNC-15 periodontal probe and #23 370 

explorer. Overall oral inflammation was scored with the Stomatitis Disease Activity Index 371 

(SDAI) by the veterinary dental specialist, and technical staff responsible for daily care of the 372 

animals reported historical “owner” information for the SDAI (Lommer, 2013). The Total Mouth 373 

Periodontal Scoring system was used to assess gingivitis (measured as TMPS-G) and attachment 374 

loss (measured as TMPS-AT) resulting from periodontitis (Harvey, 2009, 2023; Harvey et al., 375 

2008, 2012). Gingivitis was measured on the Silness-Löe index of 0-3 (Löe & Silness, 1963). 376 

Briefly, a 0 gingival index was applied for no visible gingival inflammation or bleeding upon 377 

probing; a 1 gingival index was applied for gingival erythema or edema with no bleeding upon 378 

probing; a 2 gingival index was applied for gingival erythema or edema with mild gingival 379 

bleeding upon probing; a gingival index of 3 was applied for gingival erythema/edema with 380 

spontaneous bleeding without probing. As per the TMPS protocol, a subset of teeth was 381 

measured on the buccal aspect. All measurements were made on the left side of the mouth. 382 

Measurements for attachment loss were recorded in 0.5 mm increments. When the periodontal 383 

probe could not be placed into the gingival sulcus, the attachment was measured as 0 mm. The 384 

above procedure was repeated for weeks -1, 5, 11, 16, 24, and 33. 385 
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 Additional samples were collected for characterization of the oral microbiome at specific 386 

time points throughout the study. At weeks -1, 5, 11, and 24, a 5 mm (length) by 1 mm (width) 387 

strip of gingiva was harvested from the palatal/lingual free gingival margin of a canine teeth with 388 

a #11 scalpel blade prior to radiographs and periodontal probing. For each collection time a 389 

different canine tooth was used. Samples were aseptically collected in sterile tubes, placed in a 390 

cooler with dry ice for transport, and frozen at -80 degrees Celsius until the microbiome analysis 391 

could be performed. After all data was collected, the cats were reversed with Antisedan 0.01 392 

mg/kg (0.3 mg/mL). Cats recovered quickly from sedation without complications and were 393 

returned to colony housing. At week 24 a benign mass was observed on Cat 11’s tonsil and was 394 

removed. 395 

 396 

Oral health analyses  397 

Mixed effects Generalized Additive Models (GAM) were used to evaluate how oral 398 

health variables (gingival inflammation, attachment loss, submandibular lymph node size) 399 

differed among the treatment groups (Control, cART, Placebo) on average and over time, with 400 

cat ID as a random effect to accommodate the repeated measures. GAMs were specifically 401 

selected in this study to account for the frequent non-linear temporal dynamics in response 402 

variables, and to provide superior capacity to evaluate treatment differences over time compared 403 

to common linear methods (e.g., repeated measures ANOVA). Within each GAM, treatment was 404 

included as a factorial fixed effect to examine average differences. An interaction term between 405 

treatment and time (week) as a spline factor was also included to evaluate whether each 406 

treatment group changed over time. A post hoc test was used to determine whether the temporal 407 

splines differed among the treatment groups. Prior to all analyses, the distributions of the 408 

response variables were assessed and log10 transformed to normalize the data. All analyses were 409 

undertaken in Rv4.0.3 using the packages ‘mgcv’ and ‘car’. Results of statistical analyses are 410 

presented in Table 1. 411 

 412 

DNA isolation and 16S amplicon sequencing 413 

DNA was isolated from gingival biopsy samples using a modified protocol for the 414 

DNeasy Blood & Tissue Kit (Qiagen) with added homogenization steps. Biopsies were 415 

incubated in 270 µL Buffer ATL (Qiagen) in Lysing Matrix C tubes (MP Biomedicals) with 30 416 
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µL Proteinase K (Qiagen) at 56°C for 2 hours. Following incubation samples were homogenized 417 

for 30 seconds at 6.5 m/s in a FastPrep instrument (MP Biomedicals). Following homogenization 418 

another 30 µL Proteinase K was added and samples were incubated at 56°C overnight. The 419 

remaining steps were carried out according to the Qiagen DNeasy Blood & Tissue Kit protocol 420 

using 200 µL of lysate. DNA was eluted twice in 50 µL of Buffer EB (Qiagen) preheated to 421 

70°C with a 3-minute incubation each time, for a final volume of 100 µL. Three blank 422 

extractions were carried out for negative controls. Gingival biopsy DNA samples (N=72 423 

samples, 12 ng/µL aliquots), three negative control samples, and three Zymo microbial 424 

community positive controls for 16S rRNA amplicon sequencing at Novogene USA (N = 78 425 

samples total).  426 

 427 

Bioinformatics analyses 428 

Next-generation sequencing datasets were subjected to quality control and trimming 429 

(Trimmomatic) prior to analysis with mothur software following a modified MiSeq SOP: 430 

https://mothur.org/wiki/miseq_sop/ (Schloss et al., 2009). For the mothur analysis, data were 431 

reduced to unique sequences and their associated frequencies. The unique sequences were then 432 

classified using the SILVA taxonomic database version 138.1 (Pruesse et al., 2007) obtained 433 

from https://mothur.org/wiki/silva_reference_files/. Chimeric sequences and other potential 434 

contaminants (such as mitochondria) were removed. Data were then clustered into operational 435 

taxonomic units (OTUs) using distance-based greedy clustering at 97% identity and reclassified 436 

to identify the prevalent microbial taxa and the associated abundances. Positive controls were 437 

used to apply a cutoff to the data based on the known composition of the positive control to 438 

prevent overestimation of diversity, and to calculate an overall sequencing error rate. After this 439 

processing, 13, 29 and 8 OTUs remained in the three negative controls (see Supp. Figure 3).  440 

Alpha and beta diversity calculations and data visualization were carried out in Rv4.1.2 441 

using the packages ‘phyloseq’, ‘vegan’, and ‘metagenomeSeq’ (McMurdie & Holmes, 2013; 442 

Oksanen et al., 2022; Paulson et al., 2013). Alpha diversity measures calculated included the 443 

Shannon Diversity index, the Inverse Simpson Diversity index (both produced by the ‘phyloseq’ 444 

package), and the Vegan-Normalized Richness (the expected richness for each sample after 445 

normalizing for sequencing depth calculated rarefaction curves produced by the ‘vegan’ 446 

package). These diversity measures were analyzed for differences among treatment groups and 447 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2024. ; https://doi.org/10.1101/2024.07.10.602918doi: bioRxiv preprint 

https://mothur.org/wiki/miseq_sop/
https://mothur.org/wiki/silva_reference_files/
https://doi.org/10.1101/2024.07.10.602918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

over time using the same GAM approach described above. We additionally assessed if there was 448 

any relationship between Vegan-Normalized Richness with gingival inflammation or attachment 449 

loss using a Spearman correlation analysis. 450 

To assess the relationship of microbial community structure (beta diversity) at the OTU 451 

level across treatment groups, data were normalized using cumulative sum scaling 452 

(‘metagenomeSeq’ package), analyzed with Permutational-based Multivariate Analysis of 453 

Variance (PERMANOVA) (adonis function in vegan) with cat as a random effect and visualized 454 

with non-metric multidimensional scaling (NMDS) of the Bray-Curtis dissimilarity matrix 455 

(metaMDS function in ‘vegan’). To visualize relative abundances of taxa at the phylum level, 456 

OTU data were filtered for OTUs with at least 10 reads detected in at least 5 samples, and 457 

relative abundance was calculated by dividing the number of reads for each OTU in a sample by 458 

the total number of reads detected in that sample. 459 

 460 
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 25 

B.  673 

Supp. Figure 1. Distribution of sequencing depth (A) by sample and (B) by the number of OTUs 674 
identified in a sample. The lowest sequencing depth was obtained from Cat 6 on week 11 (9223); 675 
the highest from Cat 14 on week 5. 676 
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 677 
Supp. Figure 2. Additional measures of alpha diversity (not shown in Figure 3) of the gingival 678 
microbiome at study weeks -1, 5, 11 and 24 post-inoculation for three treatment groups of 679 
domestic cats: uninfected (Control), FIV+ placebo-treated (Placebo), and FIV+ cART-treated 680 
(cART) (N = 72 samples, six per treatment group). The Shannon Diversity index and the Inverse 681 
Simpson Diversity index were produced by the ‘phyloseq’ R package. In plots A and C each line 682 
is an individual cat, colored by treatment (black = Control, blue = Placebo, red = cART). In plots 683 
B and D, the associated spline fit from GAM analysis is presented. Vertical line indicates when 684 
cART treatment commenced.  685 
 686 
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 689 
Supp. Figure 3. Raw proportions of taxonomic families in the negative control samples for all 690 
taxa present in greater than 1% of a sample. Negative control samples were generated via blank 691 
DNA extraction and subjected to the same library preparation, sequencing and data processing 692 
steps as the other experimental samples.  693 
 694 
Supp. Table 1. Alpha diversity of the gingival microbiome at study weeks -1, 5, 11 and 24 post-695 
inoculation for three treatment groups of domestic cats: uninfected (Control), FIV+ placebo-696 
treated (Placebo), and FIV+ cART-treated (cART) (N = 72 samples, six per treatment group). 697 
Diversity measures calculated included the Shannon Diversity index, the Inverse Simpson 698 
Diversity index (both produced by the ‘phyloseq’ package), and the Vegan-Normalized Richness 699 
(the expected richness for each sample after normalizing for sequencing depth calculated 700 
rarefaction curves produced by the ‘vegan’ package). 701 
 702 

Cat Week Treatment Shannon Diversity 
Index 

Inverse Simpson 
Diversity Index 

Vegan-Normalized 
Richness 

Cat7 

-1 
 

Placebo 
 

2.4 8.1 25.0 

Cat8 2.7 11.0 39.2 

Cat9 2.1 5.4 25.7 

Cat10 2.7 9.8 49.2 

Cat11 2.9 12.7 43.6 

Cat12 2.3 6.1 36.8 

Cat1 

-1 Control 
 

2.7 9.4 41.3 

Cat2 3.1 16.0 47.8 

Cat3 2.8 10.7 39.9 

Cat4 2.9 12.5 49.9 
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Cat5 2.6 8.8 39.7 

Cat6 2.6 9.2 35.9 

Cat13 

-1 
 

cART 
 

2.7 11.3 38.4 

Cat14 2.5 9.0 35.6 

Cat15 2.0 4.4 28.4 

Cat16 2.4 7.2 31.4 

Cat17 3.3 14.0 62.5 

Cat18 3.0 13.6 54.4 

Cat7 

5 Placebo 
 

3.0 14.2 52.0 

Cat8 2.6 8.4 44.4 

Cat9 2.8 10.2 40.8 

Cat10 3.1 12.2 60.3 

Cat11 3.1 14.8 48.6 

Cat12 2.6 8.6 31.7 

Cat1 

5 
 

Control 
 

2.6 9.5 37.5 

Cat2 2.9 11.4 53.5 

Cat3 2.9 13.4 57.6 

Cat4 3.4 21.8 56.2 

Cat5 2.9 12.7 47.3 

Cat6 3.1 14.1 55.3 

Cat13 

5 
 

cART 
 

2.8 11.5 48.3 

Cat14 2.8 11.5 54.6 

Cat15 2.8 10.0 47.9 

Cat16 2.6 9.6 41.7 

Cat17 3.0 13.5 56.5 

Cat18 2.5 8.5 30.9 

Cat7 

11 
 

Placebo 
 

3.2 18.7 52.7 

Cat8 3.0 13.6 45.0 

Cat9 3.3 13.3 86.1 

Cat10 3.5 10.8 103.3 

Cat11 2.9 12.2 48.1 

Cat12 3.0 13.3 45.1 

Cat1 

11 
 

Control 
 

3.4 16.9 81.4 

Cat2 2.7 9.1 38.9 

Cat3 2.7 6.2 46.9 

Cat4 3.3 15.2 65.5 

Cat5 3.4 22.0 56.7 

Cat6 2.5 7.5 34.0 

Cat13 11 cART 2.5 4.8 51.7 
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Cat14   3.3 18.9 50.7 

Cat15 3.0 12.6 45.5 

Cat16 2.3 3.9 48.4 

Cat17 2.8 11.3 47.0 

Cat18 3.0 13.4 43.7 

Cat7 

24 
 Placebo 

3.4 23.5 52.9 

Cat8 3.4 20.7 73.6 

Cat9 2.8 11.6 43.7 

Cat10 3.0 13.5 44.4 

Cat11 2.8 9.1 52.8 

Cat12 3.0 12.6 43.7 

Cat1 

24 
 Control 

2.8 11.6 39.2 

Cat2 3.0 10.9 49.1 

Cat3 3.2 18.6 48.7 

Cat4 3.1 14.6 47.3 

Cat5 3.1 15.0 50.5 

Cat6 3.0 11.1 48.6 

Cat13 

24 cART 

3.1 12.6 50.2 

Cat14 2.7 7.9 39.6 

Cat15 2.7 7.2 45.5 

Cat16 3.3 19.1 54.0 

Cat17 3.4 20.1 59.2 

Cat18 2.7 7.4 43.0 
 703 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2024. ; https://doi.org/10.1101/2024.07.10.602918doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.10.602918
http://creativecommons.org/licenses/by-nc-nd/4.0/

