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Abstract 35 

To better manage seasonal and pandemic influenza infections, new drugs are needed 36 

with enhanced activity against amantadine- and rimantadine-resistant influenza A virus (IAV) 37 

strains containing the S31N variant of the viral M2 ion channel (M2S31N). Here we tested 36 38 

amantadine analogs against a panel of viruses containing either M2S31N or the parental, M2 39 

S31 wild-type variant (M2WT). We found that several analogs, primarily those with sizeable 40 

lipophilic adducts, inhibited up to three M2S31N-containing viruses with activities at least 5-fold 41 

lower than rimantadine, without inhibiting M2S31N proton currents or modulating endosomal pH. 42 

While M2WT
 viruses in passaging studies rapidly gained resistance to these analogs through 43 

the established M2 mutations V27A and/or A30T, resistance development was markedly slower 44 

for M2S31N viruses and did not associate with additional M2 mutations. Instead, a subset of 45 

analogs, exemplified by 2-propyl-2-adamantanamine (38), but not 2-(1-adamantyl)piperidine 46 

(26), spiro[adamantane-2,2’-pyrrolidine] (49), or spiro[adamantane-2,2’-piperidine] (60), 47 

inhibited cellular entry of infectious IAV following pre-treatment and/or H1N1 pseudovirus entry. 48 

Conversely, an overlapping subset of the most lipophilic analogs including compounds 26, 49, 49 

60, and others, disrupted viral M2-M1 protein colocalization required for intracellular viral 50 

assembly and budding. Finally, a pilot toxicity study in mice demonstrated that 38 and 49 were 51 

tolerated at 30 mg/kg. Together, these results indicate that amantadine analogs act on multiple, 52 

complementary mechanisms to inhibit replication of M2S31N viruses. 53 

 54 

Keywords  55 

Influenza A virus, M2 protein, drug resistance, amantadine analogs, antiviral mechanisms of 56 

action 57 

 58 
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Highlights 59 

- Current IAVs have M2 mutations that confer resistance to amantadine and rimantadine 60 

- Several amantadine analogs inhibit these viruses without acting on M2 proton currents 61 

- Alternative antiviral targets include IAV entry and M2-M1 protein colocalization 62 

- Amantadine analogs are also tolerated in mice 63 

- Future amantadine antivirals could simultaneously act on multiple IAV mechanisms 64 

65 
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1. Introduction  66 

Despite the wide accessibility of seasonal vaccines, influenza A virus (IAV) remains a 67 

significant cause of human morbidity and mortality, contributing to approximately 0.5 million 68 

deaths annually, with the potential for many more fatalities from recurring pandemic events. As 69 

IAV has the ability to become resistant to all major classes of influenza drugs,1,2 additional 70 

antivirals that can target multiple drug-resistant forms of the virus are needed to support 71 

seasonal and pandemic preparedness.  72 

The viral matrix protein 2 (M2) is required for IAV replication and is an established 73 

antiviral target. Among its multiple functions, M2 acts as a proton-gated channel that permits 74 

the flow of protons from acidifying endosomes into the virion core during entry. This in turn 75 

promotes hemagglutinin (HA)-mediated viral-host membrane fusion and release of viral RNA 76 

into the cytoplasm.3 During virus assembly, M2 also recruits the matrix protein 1 (M1) to the 77 

assembly site and facilitates the budding of new virions by inducing host cell membrane 78 

curvature needed for scission.4–7 Amantadine (Amt, 1) and rimantadine (Rmt, 2) (Figure 1) 79 

inhibit virus uncoating and assembly by acting directly on M2 proton conduction.8–13 Resistance 80 

to these inhibitors arises from mutations in the M2 transmembrane domain, where over 95% of 81 

adamantane-resistant IAVs bear a serine-to-asparagine substitution at position 31 (M2S31N), 82 

although substitutions like L26F, V27A, A30T, and G34E are also observed in vitro and/or in 83 

circulating viruses.14  84 

After early work identified some potent Amt(1) analogs,15 numerous analogs have been 85 

shown to inhibit M2WT and/or Amt(1)-resistant IAVs (mostly with M2L26F or M2V27A).16–22 For 86 

example, we described the antiviral activities of 57 synthetic Amt(1) analogs against (a) the 87 

drug-resistant A/H1N1/WSN/1933 virus containing M2S31N; (b) an A/H1N1/WSN/1933 revertant 88 
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strain bearing an M2WT sequence (i.e., N31S); and/or (c) A/H1N1/WSN/1933-M2WT strains with 89 

additional Amt(1)-resistance markers like L26F, V27A, A30T, or G34E.23 Of note, several of 90 

these compounds inhibited A/H1N1/WSN/1933 viruses containing M2WT, M2L26F, and/or M2V27A 91 

as well as the corresponding M2 proton currents in electrophysiology (EP) experiments. 92 

However, while none of these inhibited the unmodified A/H1N1/WSN/1933 strain bearing 93 

M2S31N nor M2S31N-mediated proton currents,19,22,23 some analogs could inhibit other IAV strains 94 

containing M2S31N.19,23 For instance, we found that compounds 38 and 49 (Figure 1) inhibited 95 

both A/H1N1/California/07/2009, containing M2S31N, and A/H1N1/PR/8/1934, containing 96 

M2A30T+S31N, at low micromolar concentrations despite no inhibition of their M2S31N proton 97 

currents.19,23-33  98 

To date, the mechanisms by which Amt(1) analogs inhibit many M2S31N-containing 99 

viruses without directly blocking M2S31N proton currents are poorly understood. For example, 100 

while some IAV inhibitors can act as lysosomotropic agents that inhibit viral-host membrane 101 

fusion by increasing endosomal pH,24,25 the extent to which Amt(1) analogs employ this or other 102 

antiviral mechanisms has not been investigated. To address this question, we evaluated 36 103 

Amt(1) analogs 23 against a panel of IAVs containing either M2S31N including 104 

A/H1N1/California/07/2009 (abbreviated here as A/CA/07/09S31N), A/H1N1/PR/8/1934 105 

(A/PR/8/34S31N), A/H1N1/WS/1933 (A/WS/33S31N) or M2WT including A/H3N2/Victoria/3/1975 106 

(abbreviated here as A/Victoria/3/75WT) and A2/H2N2/Taiwan/1/1964 (A2/Taiwan/1/64WT). 107 

Selective analogs with low micromolar activity against one or more IAV with M2S31N were then 108 

characterized for their additional mechanisms of action and in vivo tolerability.  109 

 110 

2. Materials and Methods  111 

 Detailed Materials and Methods can be found in Supporting Information.  112 
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 113 

3. Results 114 

3.1. Tested Amt(1) analogs 115 

Figure 1 shows structures of 36 assessed compounds. We tested memantine (9), 116 

cyclooctylamine (10), and 11-19 as tert-alkyl amine analogs of Amt(1). Compounds 25-28 are 117 

based on Rmt(2) with a linear alkyl, heterocyclic or carbocyclic substitution. Compounds 35-43, 118 

46-47, and 49-60 have an amino group at the C-2 position. Compounds 35-43 include an alkyl 119 

group at the C-2 adamantane carbon, 46 and 47 have a spirocyclopropyl moiety, 49-59 contain 120 

a spiropyrrolidine moiety, and 60 contains a spiropiperidine moiety.  121 

 122 

3.2. Amt(1) analogs inhibit both M2WT- and M2S31N-containing IAVs 123 

To elaborate on our previous observations that Amt(1) analogs such as 38 and 49 inhibit 124 

IAV without affecting the M2S31N proton currents,19,23 Amt(1) analogs were tested against a 125 

broader range of M2S31N and M2WT IAVs. M2S31N viruses included A/CA/07/09S31N, 126 

A/PR/8/34S31N and A/WS/33S31N, while M2WT viruses included A/Victoria/3/75WT and 127 

A2/Taiwan/1/64WT (Table 1). Consistent with previous quantitative observations, 23 no 128 

microscopic evidence of cytotoxicity to MDCK cells was detected after 18 hours exposure at 50 129 

μM or higher except for compound 27 which caused ~50% loss of cell viability at 20 but not 5 130 

μM (data not shown). Using this approach, we found that Rmt(2) demonstrated strong activity 131 

against M2WT
 viruses, with half-maximal effective concentration (EC50) values of 0.5 µM and 132 

1.6 μM against A/Victoria/3/75WT and A2/Taiwan/1/64WT, respectively (Table 1). Consistent with 133 

previous results,19,34 Rmt(2) did not inhibit two M2S31N viruses (EC50 = 106 and 314 μM against 134 

A/CA/07/09S31N and A/WS/33S31N, respectively), although it was active against A/PR/8/34S31N 135 

(EC50 = 3.3 μM) despite the presence of M2S31N+A30T.  136 
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 Several Amt(1) analogs were also clearly active against M2S31N IAVs (Table 1). Against 137 

the A/CA/07/09S31N virus, compounds 18, 25-28, 37-40, 42-43, 49-55, 57-58 and 60 exhibited 138 

high activity (defined here as an EC50 < 5 μM) or moderate activity (defined as an EC50 < 20 139 

μM or ~5-fold lower than Rmt(2)), with 27 being the most active (EC50 = 0.8 μM, or 132-fold 140 

lower than Rmt(2)). Moderate activity against A/PR/8/34S31N (i.e., EC50 < 0.65 μM or 5-fold lower 141 

than Rmt(2)) was observed for compounds 28, 36, 38-40, 42 and 51. When assessed against 142 

A/WS/33S31N, compounds with EC50 < 65 μM (i.e., 5-fold lower than Rmt(2)) included 15, 28, 143 

36-40, 43, 51-52 and 59. Overall, five compounds (28, 38-40 and 51) exhibited EC50 values at 144 

least 5-fold lower than Rmt(2) across all three M2S31N viruses (Table 1). Previous studies using 145 

EP showed that compounds 28 and 38 (as well as 35 and 49) do not block proton currents of 146 

M2S31N from A/CA/07/09S31N.35  147 

In contrast, several Amt(1) analogs exhibited detectable activity (defined here as EC50 < 148 

12.5 μM or within 25-fold of Rmt(2)) against the A/Victoria/3/75WT IAV strain with M2WT; these 149 

included 10, 17-18, 28, 35-37, 39, 42, 51, 53, and 56 (Table 1). Compounds 28, 35-40, 42-43, 150 

51, and 59 also showed detectable activity against the A2/Taiwan/1/64WT virus (i.e., EC50 < 151 

12.5 μM or within 25-fold of Rmt(2)) (Table 1). Consistent with these observations, compounds 152 

28, 38, and 51 inhibit proton currents from the M2N31S-mutated proton channel of A/CA/07/09 153 

(i.e., reverted to WT).35 However, contrary to observations with M2S31N viruses, where multiple 154 

analogs had at least 5-fold improvement over Rmt(2), no analog had this level of improvement 155 

over Rmt(2) except for compounds 42 and 43 against A2/Taiwan/1/64WT (Table 1).  156 

 To determine whether Amt(1) analog activities were consistent across M2S31N and M2WT 157 

viruses, we performed linear regression analysis of the average EC50 for each compound 158 

across viruses (Figure 2). Notably, the EC50 values of all compounds tested against 159 

A/CA/07/09S31N and A/PR/8/34S31N which both contain M2S31N, were well correlated (r2 = 0.77; 160 
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p < 0.0001; Figure 2A). Significant correlations were also maintained between the EC50s of 161 

A/CA/07/09S31N and A/PR/8/34S31N versus A/WS/33S31N, which also has M2S31N (r2 = 0.41; p = 162 

0.013 and r2 = 0.47; p = 0.009, respectively; Figure 2B-C). These results suggest that Amt(1) 163 

analogs may act on the same viral and/or host target(s) in the context of these M2S31N viruses. 164 

In contrast, no correlations were observed between M2S31N and M2WT viruses (all r2 < 0.13; p > 165 

0.05; Figure 2D), suggesting that the primary viral and/or host target(s) differ between these 166 

two groups. Similarly, no correlation was found between A/Victoria/3/75WT and 167 

A2/Taiwan/1/64WT (both M2WT) (Figure 2E). The reason for the poor correlation between the 168 

two M2WT viruses is not clear but could indicate additional virus-specific traits that might 169 

indirectly influence the activity of these analogs.  170 

 Based on these results, we selected a subset of analogs to characterize in greater detail 171 

as described below. We focused primarily on compound 38, but also 49, based on previous 172 

observations that they can inhibit viruses containing M2S31N but do not immediately block 173 

M2S31N-medicated proton currents in EP studies 19,35. Compound 27 was chosen as it was the 174 

most active adamantyl amine against A/CA/07/09S31N. Furthermore, 26, 27, 28 and 60 175 

resembled 38 while bearing much bulkier adducts, while 39 represented the n-Bu analog of 176 

compound 38 (Figure 1).   177 

 178 

3.3. Antiviral activity of Amt(1) analogs is not due to inhibition of M2S31N-dependent proton 179 

currents 180 

To rule out any direct effect on M2S31N proton conduction, we used a previously-181 

described whole-cell patch-clamp EP approach 27 with compound 38 representing analogs that 182 

inhibited all three M2S31N viruses. Briefly, tsA-201 cells co-transfected with plasmids encoding 183 

GFP and M2S31N (from A/CA/07/09S31N) were held at a constant membrane potential of -40 mV, 184 
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and currents were recorded every 4 s by applying 100-ms pulses to -80 mV. Using this 185 

approach, we previously showed that robust, pH-dependent inward currents are readily 186 

inhibited with M2WT and M2S31N-dependent inhibitors.27 We then assessed the activity of 38 187 

over a 30-minute exposure period. As shown in Figure 3A, single tsA-201 cells expressing 188 

M2S31N exhibited robust, low pH-dependent negative or inward current that decayed ~50% 189 

during continued exposure to low pH. This current could be maintained for more than 2400 190 

seconds (40 minutes) and was inhibited approximately 25% with 100 μM Amt(1), consistent 191 

with previous results of its fast but limited inhibition.27 However, when the same long-term 192 

procedure was done with 100 μM of 38, no inhibition of M2S31N current was observed even after 193 

2400 seconds (Figure 3B). The finding that compound 38 does not inhibit M2S31N currents even 194 

after prolonged exposure further argues against M2S31N channel inhibition as the mechanism 195 

underlying the activity of compound 38 and related compounds towards M2S31N viruses.  196 

 197 

3.4. Antiviral activity of Amt(1) analogs is not due to modulating endosomal pH 198 

In addition to inhibiting M2, some Amt(1) analogs can function as lysosomotropic agents, 199 

preventing viral-host membrane fusion by increasing endosomal pH.24,25 Besides IAV, viruses 200 

like bovine papillomavirus (BPV) also rely on acidic endosomes for entry or uncoating within 201 

host cells. Compounds that elevate endosomal pH or disrupt the endocytosis process can 202 

inhibit BPV replication.36 To explore whether Amt(1) analogs might modulate endosomal pH, 203 

we assessed compounds 27 and 38 in a miniplaque assay using BPV (P6 variant)-infected 204 

bovine embryonic kidney cells. While control agents chlorpromazine, ammonium chloride, 205 

chloroquine and bafilomycin A1 all inhibited BPV replication here (EC50: 2.5, 0.4, 2.2 and 0.06 206 

μM, respectively) at concentrations consistent with published results,36 no inhibition was 207 

observed by up to 20 μM of either Amt(1) analog (Figure 4). No microscopic evidence of 208 
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cytotoxicity due to any compound, including 27, was observed in uninfected bovine embryonic 209 

kidney cells (data not shown). These results suggest that 27 and 38, and presumably other 210 

Amt(1) analogs, do not act as endosome neutralizers to inhibit M2S31N viruses.  211 

 212 

3.5. In vitro selection of Amt(1) analog-resistant viruses occurs through M2 mutations in M2WT 213 

but not M2S31N viruses  214 

 To identify potential viral targets of these Amt(1) analogs, we conducted virus passaging 215 

to select for compound-resistant viruses. MDCK cells were initially infected with A/H3N2/Hong 216 

Kong/1/1968, which contains M2WT, and passaged semi-weekly in the presence of 3.9 or 4.4 217 

μM of compounds 27 or 38, respectively (corresponding to 1 and 5 µg/mL). As anticipated, all 218 

compounds induced rapid drug resistance. Following plaque purification and M-sequencing, 219 

resistance was linked to known Amt(1)-resistance mutations in M2 including V27A for 220 

compound 27 and A30T for 38 (Table 2). No resistance mutations were detected in infected 221 

cells passaged in parallel in the absence of drugs. These results support that Amt(1) analogs 222 

readily select for escape mutants bearing substitutions in M2, suggesting that, similar to Amt(1), 223 

these analogs inhibit M2WT viruses by targeting M2 proton conduction.  224 

We next used a subset of Amt(1) analogs for passaging experiments with an M2S31N 225 

virus. MDCK cells infected with A/CA/07/09S31N were passaged semi-weekly in the presence of 226 

5 μM of compound 38 or a triple combination of compounds 26, 27 and 60, each at 5 μM, 227 

representing a diverse set of ring adducts at both C1 and C2 (Table 3). As an experimental 228 

control, we performed parallel passaging of A/Victoria/3/75WT virus with M2WT in the presence 229 

of 50 µM Amt(1). In this control, drug resistance emerged after one passage: while the parent 230 

virus had an EC50 value of 3.0 µM (n = 9) for Amt(1), passage #1 and #2 viruses were not 231 
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inhibited by Amt(1). In contrast, for A/CA/07/09S31N grown under compound 38, passages #1 to 232 

#5 remained fully sensitive (EC50 = 2.1 – 5.4 µM), but between passages #6 and #12, the virus 233 

became progressively resistant, with > 20-fold resistance by passage #10 onward (EC50 = 76 234 

– 149 µM; Table 3). Similarly, the combination of 26, 27 and 60 remained effective through 6 235 

passages (EC50 = 1.0 – 1.2 µM) but developed ~6.6-fold resistance by passage #10 (EC50 = 236 

7.9 µM; Table 3). Notably, the passage #12 virus resistant to compound 38 remained sensitive 237 

to compound 28, with an EC50 of 10.2 µM only modestly increased compared to the parental 238 

virus (EC50 = 3.6 µM). Sequence analysis on the parental A/CA/07/09S31N virus and passage 239 

#12 virus resistant to compound 38 indicated no differences in the region encoding M2 amino 240 

acids 10-73. Hence, resistance to 38 was not caused by additional mutations in M2 that underlie 241 

proton conduction.  242 

Taken together, these results indicate Amt(1) analogs primarily act on M2 in viruses 243 

containing M2WT but not M2S31N. Additionally, since mutations selected during passaging 244 

viruses containing M2S31N did not confer significant resistance across all Amt(1) analogs, it is 245 

likely that these analogs act on multiple and potentially overlapping viral targets. 246 

 247 

3.6. Amt(1) analogs inhibit the entry of M2S31N virus in an HA and/or neuraminidase (NA)-248 

dependent manner  249 

To determine whether Amt(1) analogs interfere with IAV’s ability to infect MDCK cells, 250 

we first treated A/CA/07/09S31N virus with or without 50 μM compound 38. Virus-drug aliquots 251 

were then collected at 0, 1, 5-, 10-, 20- or 30-minute post-incubation and assessed for infectivity 252 

by miniplaque assay. At this stage, the final concentration of 38 was 0.5 μM, a concentration 253 

unlikely to inhibit virus growth (Table 1). After 5 minutes of incubation, IAV infectivity was 254 
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reduced by 46.7%; by 30 minutes, reduction reached 62.9% (Figure 5). These results suggest 255 

that 38 reduces virus infectivity before exposure to target cells. 256 

To test whether 38 might act on HA and/or NA-mediated viral entry,37 we next conducted 257 

an MDCK-based entry assay using murine leukemia virus-based pseudovirus bearing the HA 258 

and NA proteins of influenza A/Virginia/ATCC3/2009. As shown in Figure 6, Amt(1), Rmt(2), 259 

and compounds 26, 49, and 60 did not inhibit pseudovirus entry at 400 µM. In contrast, 260 

compound 38 exhibited clear activity, with an EC50 of 16 µM, followed by 39 and 28 with EC50s 261 

of 29 and 64 µM, respectively. The EC50 of compound 38 was comparable to those of control 262 

viral entry inhibitors arbidol and hydroxychloroquine (Figure 6).  263 

Taken together, these results indicate that a subset of analogs, exemplified by 264 

compound 38, act on HA/NA-mediated vial entry and/or interfere with the ability of IAV to infect 265 

MDCK cells more generally.   266 

 267 

3.7. Amt(1) analogs impair M2-mediated M1 recruitment to the plasma membrane 268 

Six compounds evaluated above (26, 28, 38, 39, 49, 60) were next investigated for their 269 

ability to disrupt the intracellular distribution of the viral matrix proteins M1 and M2. HEK-293T 270 

cells were transfected with fluorescent constructs labelled with mEGFP and mCherry2, 271 

respectively, and their subcellular localization was monitored by fluorescence microscopy. 272 

HEK-293T cells were chosen due to their characteristic cell height, which makes it easier to 273 

find an optimal focal plane at the cell midplane and image the plasma membrane. In this 274 

context, we have also shown that M2 is essential for the proper recruitment of M1 to the plasma 275 

membrane (PM).31 In cells lacking M2 expression (i.e., negative control, NC in Figure 7), M1 276 

was uniformly distributed throughout the cytoplasm. Conversely, in the presence of M2 (positive 277 

control, PC in Figure 7), M1 was enriched at the PM, as expected.54 Of note, treatment with 30 278 
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µM of Amt(1) analogs like compound 39 significantly decreased the number of cells with M1-279 

PM association (Figure 7; Figure S1). Quantitative analysis indicated that all tested 280 

compounds significantly impaired M2-M1 interactions except for 38, which only showed an 281 

approximately 10% reduction (Figure 8, Table S1 and Figures S2-S3). For instance, 282 

compound 39 reduced M2-M1 colocalization by approximately 63% (Figures 7-8). 283 

Based on these mechanistic insights, the overall antiviral activity of Amt(1) analogs 284 

against M2S31N viruses arises from a combination of inhibitory effects on viral entry and 285 

disruption of M2-M1 colocalization. 286 

 287 

3.8. Amt(1) analogs and combinations are tolerated in vivo 288 

The ability of Amt(1) analogs to act on multiple aspects of IAV replication positions them 289 

as promising lead compounds for developing antivirals. These antivirals, in principle, could 290 

combine a direct effect on the M2WT channel with additional effects on viral entry and/or M2-M1 291 

colocalization in M2S31N-containing viruses. To evaluate in vivo safety, we conducted a pilot 292 

study comparing compounds 38 and 49 to Amt(1) for in vivo safety upon i.p. injection in CD-1 293 

mice. All three compounds were tolerated at 30 mg/kg. However, compound 38 was uniformly 294 

lethal at 100 mg/kg, whereas 49 and Amt(1) were lethal at 300 mg/kg (Table 4). Furthermore, 295 

while 49 exhibited some signs of neurotoxicity at 30 mg/kg, no abnormalities were observed 296 

with either Amt(1) or 38 (Table 4). Hence, compound 38 is tolerated in vivo without neurotoxicity 297 

at least at 30 mg/kg. 298 

 299 

4. Discussion 300 

To effectively manage seasonal and pandemic IAV outbreaks and support vaccination 301 

efforts,1,2,3 new antivirals are essential, particularly those capable of inhibiting drug-resistant 302 
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IAV strains. Drugs that target IAV through multiple mechanisms are preferable, as they are 303 

likely to provide a higher genetic barrier to resistance. Toward this goal, we evaluated the 304 

activities of 36 previously synthesized Amt(1) analogs against a panel of IAV strains containing 305 

either M2WT or Amt(1)-resistant M2S31N. Notably, several compounds, including 15, 18, 25-28, 306 

36-43, 49-55, and 57-60, inhibited up to three M2S31N-containing viruses.  307 

The activities of analogs to inhibit M2S31N-containing viruses were well correlated (Figure 308 

2), suggesting that they share at least some antiviral mechanisms, presumably by acting on the 309 

same viral and/or host targets. Using various molecular techniques, we identified and ruled out 310 

antiviral targets for a subset of analogs. As shown in Table 5, analogs had properties including 311 

ability to inhibit virus entry, achieved through inhibiting virus infectivity during pre-incubation 312 

before exposure to host cells, blocking H1N1 pseudovirus entry, and/or disrupting intracellular 313 

colocalization of M2 and M1, which is required for viral assembly and budding. We emphasize, 314 

however, that this range of antiviral activities observed here by these analogs is unlikely to be 315 

comprehensive. For example, in addition to inhibiting HA/NA-mediated pseudovirus entry, 316 

analogs like compound 38 may further antagonize viral entry by interfering with other viral 317 

proteins, mediating degradation of viral particles before infection, and/or inhibiting viral 318 

uncoating following entry. It is also possible that these activities could indirectly influence 319 

HA/NA-containing pseudovirus entry. Additional cellular processes required for virus replication 320 

may also be targeted by analogs; these could be identified and explored for example by global 321 

RNA sequencing approaches in uninfected cells. Subsequent studies with additional analogs 322 

and viruses with related replication cycles like influenza B, in addition to currently-circulating 323 

IAV strains, are warranted to dissect these mechanisms in greater detail and determine their 324 

impacts on IAV strains more generally.  325 
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Conversely, for some analogs, we demonstrated here and in previous studies 22,35 that 326 

virus inhibition did not correlate with inhibition of M2S31N proton currents, even when accounting 327 

for slow binding.  For instance, compound 38 did not inhibit currents even after 2400 seconds 328 

of testing by EP. While it remains possible that a subset of Amt(1) analogs may possess a 329 

limited ability to inhibit M2S31N proton currents, the collective data argue that their primary 330 

antiviral targets likely lie elsewhere.  331 

Our studies also indicate that some Amt(1) analogs do not act by modulating endosomal 332 

pH, unlike lysosomotropic agents. Lysosomotropic agents like chlorpromazine, ammonium 333 

chloride, chloroquine, and bafilomycin A1 inhibited BPV replication at low or sub-micromolar 334 

concentrations, whereas 20 µM of compounds 27 and 38 did not, although these observations 335 

have not been formally validated in an influenza model system. Notably, this lack of inhibition 336 

occurred despite the presence of hydrophobic adducts 38 in these analogs, which would be 337 

expected to accumulate in intracellular vesicles through membrane permeation by the 338 

electroneutral form and increase intravesicular pH.30 For example, we recently observed that 339 

some IAVs like A/PR/8/34S31N and A/CA/07/09S31N are inhibited by Amt(1) analogs bearing 340 

different scaffold structures that subtly increase endosomal pH due to their basic character.19,37 341 

This increased endosomal pH, in turn, affects HA-mediated fusion, which requires low pH.,19,39 342 

While our findings do not rule out this mechanism for all Amt(1) analogs assessed here, they 343 

further support the existence of additional antiviral mechanisms of action.  344 

In virus passaging experiments, we observed that M2WT viruses readily developed 345 

resistance against Amt(1) analogs by acquiring V27A or A30T mutations in M2. However, using 346 

the A/CA/07/09S31N with M2S31N, we showed that resistance to compound 38 occurred between 347 

passages 6 and 12. Similarly, the combination of 26, 27, and 60 remained effective through 6 348 

passages. Notably, no additional mutations in M2 were detected in these Amt(1)-resistant 349 
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viruses, further supporting the presence of other antiviral targets. However, comprehensive 350 

virus-wide genome sequencing, obtained from additional cultures, is needed to identify potential 351 

resistance mutations such as those that may arise in HA.19 The delayed emergence of 352 

resistance in virus with M2S31N, compared to the rapid resistance seen in the M2WT virus, 353 

suggests that IAV is less capable of overcoming targeting of these alternative antiviral 354 

mechanisms. Interestingly, viruses which generated resistance to the combination of 355 

compounds 26, 27, and 60 retained sensitivity to compound 38, further supporting that analogs 356 

are likely to act on multiple and perhaps complementary antiviral targets (Table 5). 357 

Consequently, the development of Amt(1)-derived monotherapies or combination therapies 358 

optimized against several viral targets, including those identified here (i.e., virus entry and M2-359 

M1 association), reversion of M2S31N to M2WT, and potential increases in endosomal pH, may 360 

provide a particularly high genetic barrier to future IAV drug resistance. 361 

 Notably, different Amt(1) analogs exhibited a spectrum of overlapping activities. Some 362 

were more effective at blocking viral entry, while others excelled at disrupting M2-M1 363 

interactions (Table 5). These differences align with our observations that IAV resistant to 364 

compounds 26, 27, and 60 retain sensitivity to compound 38. We observed that compound 38 365 

could directly inhibit virus entry, with 50 µM reducing virus entry by ~50% after just 5 minutes 366 

of pre-incubation. Furthermore, compound 38, unlike compounds 26 and 60, inhibited H1N1 367 

pseudovirus entry with an EC50 of 16 µM. Our previous studies of compound 38 suggest that 368 

HA can be a target in some M2S31N viruses such as A/CA/07/09S31N.19 This may be driven by 369 

amino acid variants in HA that affect its binding to cell receptors and/or the efficiency of HA 370 

conformational changes at low pH 19. It was also reported that A/PR/8/34S31N is particularly 371 

sensitive to increases in endosomal pH caused by the intrinsic basic properties (i.e., alkaline 372 

pH-inducing) of Amt(1) analogs bearing lipophilic scaffold structures.37 Conversely, compounds 373 
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26, 60, and others are more effective at disrupting M2-M1 colocalization compared to 374 

compound 38. This is significant as impairment of M1 recruitment to the PM affects viral particle 375 

production.40,41 However, we have not yet explored whether these Amt(1) analogs can inhibit 376 

other aspects of M1 activity such as during viral entry when M1 dissociates from 377 

ribonucleoproteins, allowing them to enter the nucleus. Thus, intraviral buffering that inhibits 378 

M1-RNP disruption could be an additional mechanism of action worth investigating.  379 

The structural changes in these Amt(1)-analogs, though often subtle, resulted in different 380 

activities in blocking virus entry and disrupting M2-M1 colocalization. Most Amt(1) analogs that 381 

perturb M2-M1 colocalization have lipophilic adducts attached at the 1- or 2-adamantyl position. 382 

These include 2-(1-adamantyl)piperidine (26), 1-adamantyl-1-cyclopentylamine (27), 1-383 

adamantyl-1-cyclohexylamine (28), 2-n-butyl-2-adamantylamine (39) and the spiranic 384 

pyrrolidine (49) and spirnanic piperidine (60). However, while the heterocyclic or carbocyclic 385 

amines 26-28, 49, 60, and 39 inhibit M2-M1 colocalization, 2-n-propyl-2-adamantylamine (38), 386 

which also bears an alkyl adduct like 39, did not. Interestingly, 26-28, and 39 have higher 387 

lipophilicity compared to compound 38 (Table S2).  388 

Further support for the relevance of these M2-independent antiviral targets in future 389 

therapeutic development comes from a preliminary toxicity study in mice, where compound 38 390 

and, to an extent, 49 were tolerated at 30 mg/kg. Although these compounds were lethal at 391 

higher concentrations, indicating narrower therapeutic windows than Amt(1) which was 392 

tolerated at 100 mg/kg, these results indicate that future in vivo measures of these analogs are 393 

feasible and support further evaluation of optimized Amt(1) analogs for absorption, distribution, 394 

metabolism, excretion and pharmacokinetics (ADME-PK) as well as in vivo efficacy studies.  395 

 396 

5. Conclusion 397 
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In summary, we present a reference study for a series of Amt(1) variants against various 398 

IAV strains and their antiviral mechanisms. We show that some Amt(1) analogs exhibit low 399 

micromolar activities against three M2S31N-containing viruses. Specifically, we observed that 400 

the 2-propyl-2-adamantyl analog 38 inhibits virus cellular entry, while others like the 1-401 

adamantyl substituted piperidine analog 49 and the 2-adamantyl substituted spiranic pyrrolidine 402 

analog 26 disrupt M2-M1 colocalization required for intracellular viral assembly and budding. 403 

These patterns of antiviral activities, combined with in vivo tolerance of selected analogs, 404 

highlight the potential of developing optimized Amt(1) analogs or combination therapies with 405 

higher barriers to drug resistance.  406 

 407 

6. Abbreviations 408 

 ADME-PK, absorption, distribution, metabolism, excretion and pharmacokinetics; Amt, 409 

amantadine; EC50, half-maximal effective concentration; EP, electrophysiology; HA, 410 

hemagglutinin; IAV, influenza A virus; M1, viral matrix protein 1; M2, viral matrix protein 2; NA, 411 

neuraminidase; PC, positive control; PM, plasma membrane; Rmt, rimantadine. Virus 412 

abbreviations: A/CA/07/09S31N, A/H1N1/California/07/2009 virus with M2S31N; A/PR/8/34S31N, 413 

A/H1N1/PR/8/1934 virus with M2A30T+S31N; A/WS/33S31N, A/H1N1/WS/1933 virus with M2S31N; 414 

A/Victoria/3/75WT, A/H3N2/Victoria/3/1975 virus with M2WT;  A2/Taiwan/1/64WT,  415 

A2/H2N2/Taiwan/1/1964 virus with M2WT.  416 
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Table 1. Antiviral activity against influenza A M2WT and M2S31N viruses. EC50s ± standard error values were 

obtained from mini-plaque testing for dose-response or single-dose screens, using cultured MDCK cells, based 

on least-squares fitting of single-site binding curves. Values in bold reflect EC50s > 5-fold below the EC50 of 

Rmt(2). Underlined values denote EC50s < 5 μM for M2S31N viruses. n.t., not tested. 

 EC50 (μM) 

Compoun

d 

A/CA/07/09S31N 

 

A/PR/8/34S31N 

 

A/WS/33S31N  

 

A/Victoria/3/75W

T 

 

A2/Taiwan/1/64WT 

 

Rmt(2) 106 ± 41 3.3 ± 0.5 314 ± 135 0.5 ± 0.1 1.6 ± 0.3 

9 70.8 ± 10.5 n.t. n.t. 72.2 ± 10.6 n.t. 

10 363 ± 3.8 n.t. n.t. 10.2 ± 2.6 n.t. 

11 61.2 ± 6.6 n.t. n.t. 39.0 ± 4.5 n.t. 

12 41.9 ± 11.8 n.t. n.t. 91.0 ± 1.5 n.t. 

14 241 ± 121 n.t. n.t. 105 ± 35.0 n.t. 

15 43.2 ± 1.1 0.8 ± 0.8 37.4 ± 11.8 33.9 ± 7.3 n.t. 

16 293 ± 273 n.t. n.t. 21.7 ± 2.2 n.t. 

17 340 ± 231 n.t. n.t. 11.9 ± 2.3 n.t. 

18 11.7 ± 1.0 n.t. n.t. 3.8 ± 0.4 n.t. 

19 398 ± 176 n.t. n.t. 43.6 ± 6.1 n.t. 

25 15.4 ± 2.4 n.t. n.t. n.t. n.t. 

26 7.0 ± 1.2 n.t. n.t. n.t. n.t. 

27 0.8 ± 0.1 n.t. n.t. n.t. n.t. 

28 3.6 ± 0.5 0.3 ± 0.5 53.7 ± 11.5 2.3 ± 0.4 4.2 ± 1.0 

35 151 ± 33.0 19 3.8 ± 1.0 112 ± 14.8 3.3 ± 0. 9 0.8 ± 0.3 
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  603 

36 53.9 ± 12.6 19 0.4 ± 0.4 18.7 ± 4.5 2.0 ± 0.4 0.5 ± 0.5 

37 19.0 ± 3.0 19 1.8 ± 0.9 22.5 ± 2.9 2.0 ± 0.4 0.8 ± 0.3 

38 4.7 ± 0.9 19 0.5 ± 0.2 37.6 ± 8.4 23.4 ± 7.6 0.5 ± 0.5 

39 7.4 ± 0.9 19 0.3 ± 0.5 34.6 ± 4.1 4.0 ± 1.2 1.5 ± 0.2 

40 5.8 ± 0.4 19 0.3 ± 0.5 20.5 ± 3.7 13.3 ± 2.0 0.4 ± 0.1 

42 17.4 ± 1.4 19 0.3 ± 0.5 86.0 ± 19.6 5.2 ± 1.0 0.2 ± 0.2 

43 9.7 ± 1.4 19 1.2 ± 1.1 26.9 ± 14.5 17 ± 3.1 0.2 ± 0.3 

46 399 ± 297 n.t. n.t. n.t. n.t. 

47 30.8 ± 49.0 n.t. n.t. n.t. n.t. 

49 8.1 ± 2.1 n.t. n.t. n.t. n.t. 

50 7.9 ± 1.5 n.t. n.t. n.t. n.t. 

51 2.7 ± 0.3 0.3 ± 0.5 34.2 ± 8.4 0.6 ± 0.2 0.5 ± 0.2 

52 7.2 ± 2.0 n.t. 9.6 ± 1.4 55.3 ± 0.5 n.t. 

53 10.2 ± 1.2 0.8 ± 0.8 n.t. 5.7 ± 1.8 n.t. 

54 9.5 ± 1.6 n.t. n.t. 19.2 ± 3.5 n.t. 

55 7.0 ± 0.8 n.t. n.t. 58.3 ± 11.5 n.t. 

56 34.2 ± 4.4 n.t. n.t. 3.2 ± 2.0 n.t. 

57 7.7 ± 2.0 n.t. n.t. 16.2 ± 7.5 n.t. 

58 8.7 ± 1.7 n.t. n.t. 38.5 ± 1.0 n.t. 

59 34.1 ± 1.2 0.7 ± 0.5 14.9 ± 1.6 34.1 ± 7.9 1.2 ± 0.2 

60 19.8 ± 17.1 n.t. n.t. n.t. n.t. 
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Table 2. Mutations developed influenza M2WT after passaging experiments with compounds 27 604 

or 38. 605 

A/H3N2/Hong 

Kong/1/1968 

(M2WT) 

Compound 27 38 

Passage 

number 

Plaque 

number a 
3.9 µM 4.4 µM 

2 1 V27A A30T 

2 V27A A30T 

3 V27A A30T 

5 1 V27A A30T 

 2 V27A A30T 

 3 V27A A30T 

   5 µg/ml 

10 1  A30T 

 2  A30T 

 3  A30T 

a Three separate plaques were sampled and sequenced at passages 2, 5, and/or 10.  606 
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Table 3. Resistance testing of amantadine (1) variants against an amantadine-sensitive H3N2 607 

virus and potent amantadine variants against amantadine-resistant H1N1 (2009).  608 

 

 

Passage # 

1 (5 µM) 

A/Victoria/3/75WT 

EC50 ± S.E. (µM) 

38 (5 µM) 

A/CA/07/09S31N  

EC50 ± S.E. (µM) 

26, 27, 60 (5 µM) 

A/CA/07/09S31N  

EC50 ± S.E. (µM) 

0 2.8 ± 0.3 4.7 ± 0.9 1.0 ± 0.2 

1 > 50 5.4 ± 1.4  

2 > 50 3.7 ± 0.5  

5  2.1 ± 1.6  

6   1.2 ± 0.1 

8  18.5 ± 1.0  

10  76 ± 9 7.9 ± 0.8 

12  149 ± 115  

Compound 

28 

 10.2 ±1.7  
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Table 4. In vivo toxicity from intraperitoneal infections of Amt(1) and compounds 38 and 49. 610 

 611 

 612 

 613 

 614 

 615 

a Number of deaths within 48 hours (number of males injected: number of females injected). b 616 

Neurotoxicity observed including slightly abnormal gate, quivers, and hyper-responsiveness to 617 

touch and noise. c Moderate trembling or quivers observed. d Ataxic gait, moderately abnormal 618 

gait, slightly or somewhat impaired mobility, mild tremors, motor incoordination observed.  619 

Dose (mg/kg) Amt(1) Compound 38 Compound 49 

30 0 (2:2) a 0 (1:2) 0 (2:1) b 

100 0 (2:1) c 3 (2:1) 2 (3:1) d 

300 3 (2:1) N.D. 3 (2:1) 
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Table 5. Summary of bioactivities of select Amt(1) analogs. *, compounds passaged in 620 

combination. 621 

Compou
nd 

Inhibit
s 
M2S31

N by 
EP at 
100 
µM 

Inhibits 
BPV 
replicatio
n 
(lysosom
otropic 
effect) at 
20 µM 

Mutatio
ns in 
M2WT 
develop 
at 1-5 
µg/mL 

Mutatio
ns in 
M2S31N 
develop 
at 5 µM 

Inhibits 
cellular 
entry of 
IAV with 
M2S31N 
at 5 µM 

H1N1 
pseudo
virus 
entry 
(EC50, 
µM) 

Inhibits 
M1-
M2S31N 
colocaliz
ation at 
30 µM 

Tolerat
ed in 
vivo at 
30 
mg/kg 

26       No*   > 400 Yes   

27   No V27A No*     Yes   

28 No 31         64 Yes   

38 No No A30T No Yes, at 
50 µM 

16 No Yes 

39           29 Yes   

49 No 31         > 400 Yes Yes 

60       No*   > 400 Yes   

 622 

623 
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 624 

Figure 1. Chemical structures of Amt(1) analogs tested against M2WT and M2S31N IAV.  625 
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 626 

Figure 2. Comparisons of compound EC50s (in µM) across viruses in Table 1. A-E, 627 

Representative comparisons of EC50s of A/PR/8/34S31N vs. A/CA/07/09S31N (A), A/WS/33S31N 628 

vs. A/CA/07/09S31N (B), A/WS/33S31N vs. A/PR/8/34S31N (C), A/Victoria/3/75WT vs. 629 

A/CA/07/09S31N (D), and A2/Taiwan/1/64WT vs. A/Victoria/3/75WT (E). F, Summary of all 630 

correlations. For each comparison, at least 12 compounds were assessed including Rmt(2). 631 

Blue shading denotes r2 values with a linear regression p-value < 0.05. n/s, non-significant. 632 

633 
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Figure 3. Representative diary plots of pH-dependent currents detected at -80 mV from single 634 

tsA-201 cells transiently expressing GFP and M2S31N (A/CA/07/09S31N). Dots denote currents 635 

recorded at -80 mV every 4 seconds. Colors denote extracellular pH and addition of 636 

compounds. Effects of Amt(1) (A) and compound 38 (B) are shown.   637 
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 638 

Figure 4. Amt(1) analogs do not inhibit BPV replication, in contrast to control antivirals that 639 

selectively act through increasing endosomal pH. Results denote mean ± SD of four 640 

independent experiments.   641 
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 642 

Figure 5. Compound 38 inhibits infectivity of influenza virus with M2S31N. A/CA/07/09S31N virus 643 

was incubated with 50 μM of compound 38 at defined time intervals before infection of MDCK 644 

cells. Results denote mean ± SD from two independent experiments.   645 
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 646 

Figure 6. Inhibition of H1N1 pseudovirus entry by a selection of Amt(1) analogs. Pseudovirus 647 

bearing the HA and NA proteins from A/H1N1/Virginia/ATCC3/2009 virus was transduced into 648 

MDCK cells in the presence of the compounds. After three days incubation, the luciferase 649 

readout was conducted. In each panel, the EC50 values are shown in brackets. Each data point 650 

shows the mean ± SEM of nine values (three independent experiments, each performed in 651 

triplicate). HCQ: hydroxychloroquine.   652 
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Figure 7. Membrane recruitment of influenza A virus matrix protein 1 (M1) in matrix protein 2 653 

(M2) co-transfected cells is altered by Amt(1) analogs. Representative confocal fluorescence 654 

images of HEK-293T cells co-expressing WSN-M1-mEGFP (cyan) (from A/H1N1/WSN/1933) 655 

and either plasma membrane-associated mCherry2 (mp-mCherry2, as negative control (NC)), 656 

or HAsp-mCherry2-WSN-M2 (magenta). The latter samples were treated either with H2O (as 657 

positive control (PC)), or 30 µM of compound 39. Imaging acquisition took place after 24 hours. 658 

Jo
urn

al 
Pre-

pro
of



39 

 

The lower panels show the two channels merged into a single image. Images for compounds 659 

38, 49, 60, 26 and 28 at 30 µM are shown in the supporting material (Figure S1). White arrows 660 

indicate cells with M1 plasma membrane (PM) localization. Intensity ranges were calibrated 2 661 

to 100 for WSN-M1-mEGFP and HAsp-mCherry2-WSN-M2. Scale bars represent 20 µm.  662 
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Figure 8. Quantification of IAV M1 recruitment to the PM by M2 in the presence of 663 

Amt(1) analogs. The plot shows the normalized percentage of cells displaying PM 664 

localization of M1 for the indicated treatment. A concentration of 30 µM was used for all 665 

compounds and imaged after 24 hours. The percentage of cells displaying M1 signal at the 666 

PM was manually identified using Fiji ImageJ software and the ratio of these cells to the total 667 

number of cells was calculated. This value was then normalized to the median value of the 668 

positive control (PC). Data from three separate experiments were pooled, plotted, and 669 

analyzed using a one-way ANOVA Dunnett’s multiple comparison test (** p < 0.01, **** p < 670 
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0.0001). Each data point represents the percentage value measured for one image and the 671 

colors of each point represent an individual experiment (experiment 1 (grey), 2 (blue) and 3 672 

(orange)). Descriptive statistics are summarized in the supporting material (Table S1). 673 
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