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SUMMARY

Immunoglobulin G (IgG) antibodies that activate Fc-mediated immune functions have been correlated with
vaccine efficacy, but it is difficult to unravel the relative roles of multiple IgG and Fc receptor (FcR) features
that have the capacity to influence IgG-FcR complex formation but vary on a personalized basis. Here, we
develop an ordinary differential-equation model to determine how personalized variability in IgG subclass
concentrations and binding affinities influence IgG-FcyRIlla complex formation and validate it with samples
from the HIV RV144 vaccine trial. The model identifies individuals who are sensitive, insensitive, or negatively
affected by increases in HIV-specific IgG1, which is validated with the addition of HIV-specific IgG1 mono-
clonal antibodies to vaccine samples. IgG1 affinity to FcyRlllais also prioritized as the most influential param-
eter for dictating activation broadly across a population. Overall, this work presents a quantitative tool for
evaluating personalized differences underlying FcR activation, which is relevant to ongoing efforts to improve

vaccine efficacy.

INTRODUCTION

Vaccines are a cornerstone of modern-day global public health
interventions, with neutralizing antibody (Ab) titers used as the
most common correlate of protection.”? For antigenically vari-
able pathogens (including HIV), induction of long-lasting, broadly
neutralizing antibodies via vaccination has been challenging
because they quickly escape the highly specific antibody recog-
nition required for neutralization.'™ Instead, a number of recent
studies have highlighted the importance of cellular Fc effector
functions, including Ab-dependent cellular cytotoxicity (ADCC)
and Ab-dependent cellular phagocytosis (ADCP), which are
activated when the Ab Fc region forms immune complexes
with antigens and Fc receptors on innate immune cells.”® The

Gheck for
Updates

only human HIV vaccine trial to demonstrate significant efficacy
to date (the RV144 Thai trial: 60% efficacy at 1 year and 31.2%
efficacy at 3.5 years after vaccination) did not induce broadly
neutralizing Abs.?"'? Instead, follow-up analysis identified non-
neutralizing Abs with the capacity to mediate Fc effector func-
tions, including ADCC, increased Ab avidity to HIV envelope
protein (env) and tier-1-neutralizing antibodies as correlates of
reduced infection risk'®. These results and others from passive
Ab-transfer, macaque studies underscore the importance of Fc
effector functions in vaccine-mediated protection against HIV
and other antigenically variable pathogens.'®'* Since RV144, a
number of follow-up HIV vaccine trials have been designed to
improve immunogenicity by including additional vaccine boosts,
by varied DNA priming, or by changing the vaccine adjuvant, with
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Figure 1. Model schematic

(A) An example set of reversible reactions describing the sequential binding of IgG1 to antigen (ant) and dimeric FcyR with the respective forward (kon) and reverse
(koff) reaction rates.

(B) Ordinary differential equations were used to predict total HIV ant-lgG-FcyR complexes formed as a function of concentration and binding affinity of ant, IgG
subclasses, and FcyR. The model assumes a single FcyR type. Reversible reactions are represented by double-ended arrows. Model output was the sum of all
dimeric FcyR complexes formed (boxed in black) at steady state.

(C) The baseline parameters for FcyRllla-V'%® complex formation with the following sources: *SPR measurement from pooled purified IgG from HIV infected
individuals. All IgG subtypes share one affinity value (unpublished data). BKeq measured in Bruhns et al..?® "The average estimated IgG concentrations from
individuals 1-30 in the RV144 data in this manuscript (see STAR Methods for notes on conversion from MFI to mM unit). *Concentrations used in the multiplex
experimental protocol.

(D) Equations describing the example reactions in (A). Reactions follow mass-action kinetics and consist of a forward reaction (on rate, ko, multiplied by the
concentrations of the substrates) and a reverse reaction (off rate, ko, multiplied by the concentration of the product of the forward reaction). Differential equations

for change in each complex over time were generated for each complex. See also Table S1 and Figure S1.

limited success.'®?° The inability to replicate RV144 results and
achieve widespread protection in subsequent trials highlights
the need to better understand the quantitative mechanisms
that underpin Fc receptor (FcR) activation after vaccination
and how those mechanisms may vary across populations of
individuals.

The formation of immune complexes that activate Fc effector
functions is highly variable in individuals and is determined by
personalized Ab and FcR features that are modulated by host
genetics and post-translational alterations (Figure S1).>' The
relative concentration of pathogen-specific immunoglobulin G
(IgG) Ab subclasses can vary widely among individuals (although
generally by rank order IgG1 > 19gG2 > 19gG3 > 1gG4). 1gG sub-
classes also bind with varying affinities to FcyRs (in general,
IgG1 and IgG3 engage all FcyRs with comparatively greater af-
finity than do IgG2 or IgG4 [Figure 1C; Table S1]), and additional
affinity variation occurs in individuals as a result of genetic and
post-translational modifications, such as FcR polymorphisms,
IgG allotypes, and IgG glycosylation.?” Previous studies have
confirmed that differences in IgG subclass concentrations influ-
ence Fc activation and decline with time after vaccination.?*2*
Analysis of RV144 samples indicated that elevated levels of
IgG1 and IgG3 were associated with an improved Fc-effector
profile, and depletion of IgG3 resulted in decreased Fc effector
functions.”® Follow-up analysis of RV144 also revealed that
a decrease in vaccine efficacy over time (60% at 1 year to
31.5% at 3.5 years after vaccination)'® paralleled a rapid
decrease in HIV-specific IgG3 levels after vaccination
(from >80% at 2 weeks after infection®® to 3% by week 52). To
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combat that decline in pathogen-specific IgGs over time and
to improve Fc effector functions, vaccine “boosting” regimens
(repeated vaccination) have been developed. Paradoxically,
however, repeated vaccination may have negative effects by
skewing subclass profiles toward IgG2 and 1gG4, which bind
FcRs with weaker affinity and induce weaker Fc effector
functions. VAX003 (a predecessor to RV144) vaccine trials
demonstrated that repeated vaccine boosting (seven repeated
vaccines over 3.5 years) elevated total IgG antibody levels but
skewed subclass profiles (elevated 1gG2 and IgG4) to less-
functional Fc responses.”®?°~?" QOverall, these studies suggest
that IgG subclass concentration profiles are critical for dictating
Fc effector complex formation,”® but personalized variability
makes it challenging to identify which humoral response compo-
nents elicit optimal Fc activation, especially in the context of
other factors (such as FcR polymorphisms and IgG glycosyla-
tion) that have the capacity to influence parallel changes in
IgG-FcR binding.

Antigen-specific antibody FcyR immune complex formation
can be detected in vaccine samples using recently developed re-
combinant FcyR dimers, which have been described as a high-
throughput and sensitive method that mimics FcyR engagement
at the immunological synapse.”’® Formation of these FcyR
immune complexes correlates with a range of in vitro cellular
Fc effector assays, including ADCC and ADCP, and these
complexes are now widely used as surrogate high-throughput
assays to assess Fc effector functions against a range of dis-
eases, including HIV, influenza, and malaria.*°>* In parallel,
newly developed methodologies in systems serology research
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Figure 2. Model validation and global sensitivity analysis for HIV env and RV144 samples

(A) Model predictions for dimeric FcyRllla-V'*® complex formation were compared with rsFcyRllla-

V'®8 multiplex experimental measurements for 30 RV144

vaccinee samples (labeled 1-30) (Spearman correlation coefficient of 0.92, p < 0.0001).
(B and C) A global uncertainty and sensitivity analysis®® of initial concentration (B) and binding parameters (C), in which partial rank-correlation coefficient
(PRCC) indicates output sensitivity to parameters. k., indicates forward reaction rates, and k¢ indicates reverse reaction rates. *p < 0.05, **p < 0.01, ***p < 0.001,

~***p < 0.0001.
See also Figures S2, S3, and S4.

have employed “data-driven” (also called “machine learning”)
computational approaches to identify unique humoral signatures
of IgG and FcR features that characterize vaccine re-
sponses.”"?33537 This approach has been valuable for identi-
fying systems of antibody and FcR features that are associated
with a vaccine response or cellular function, although one re-
maining challenge is that they do not provide mechanistic insight
into the relationship between personalized differences in IgG and
FcR features and vaccine response heterogeneity in populations
of individuals. Here, we use an ordinary differential equation
(ODE) approach to elucidate IgG and FcyR features that account
for personalized differences in IgG-FcyR complex formation and
validate a model for HIV target epitopes in human vaccine sam-
ples. With this model, we are able to identify mechanisms by
which individuals may be differentially sensitive to the RV144
vaccine, and we validate results experimentally with the addition
of HIV-specific monoclonal Abs (mAbs) to individual vaccinee
samples. Using a personalized sensitivity analysis, we also iden-
tify parameters that would best influence complex formation
broadly across a population of individuals. Overall, this approach
provides a quantitative framework for understanding how
personalized differences in IgG and FcR features contribute to
variability in IgG-FcR complex formation after vaccination.

RESULTS

Model predictions of IgG-FcR complex formation
validated in an Fc multiplex assay

To gaininsight into how IgG and FcR variability in individuals may
influence IgG-FcR complex formation, we constructed an ODE
model to predict total bound, dimeric antigen-IlgG-FcyR com-
plexes formed at steady state (ant:lgG:lgG:FcyR-FcyR) as a
function of concentration and binding of IgG1, 1gG2, IgG3, and
IgG4 to antigen and FcyR (Figure 1). The model assumed two
IgG binding sites per antigen protein to represent the simplest
complex that reflects activation through FcyR cross-linking.
Total ant:lgG:lgG:FcyR-FcyR complex formation was chosen
as the output because antigen-specific IgG crosslinking of

FcyR (engagement and clustering of multiple FcyRs) induces
the activation of innate immune effector cells to mediate Fc func-
tions and can be compared with steady-state experimental
values measured using high-throughput multiplex assays.
Importantly, we constructed the model such that it could be
applied to any target antigen and FcR, although we chose to
focus primarily on the HIV env glycoprotein 120 (gp120) strain
A244 (env), one of the proteins used in the RV144 vaccine
regimen, and FcyRillla, the FcyR upstream of ADCC (a correlate
of protection in RV144 trial).'"® To obtain parameters, we
measured median fluorescent intensity (MFI) of antigen-specific
19G1, 1IgG2, IgG3, and IgG4 in 105 RV144 vaccinee plasma sam-
ples and estimated personal concentrations based on a refer-
ence IgG1 concentration (Figure 1C).*® Although not useful for
absolute concentration predictions, these estimated concentra-
tions allowed for predictions of relative complex formation.
We approximated baseline affinity parameters for pooled 1gG
to antigen from surface plasmon resonance (SPR) measure-
ments of HIV-infected patient plasma (Figure 1C). Affinity for
each antigen-specific IgG subclass to each FcyR was estimated
from previously published literature (Figure 1C; Table S1; the low
concentration of antigen-specific IgG subclasses in plasma
makes it technically difficult perform SPR on each subclass for
each individual).”® We used this information to predict relative
ant:lgG:lgG:FcyR-FcyR complex formation (nM) in each individ-
ual and validated it with matched experimental measurements
(MFI) of dimeric, recombinant, soluble (rsFcyR) complex forma-
tion measured in multiplex assays (as described above) in a
subset of the same individuals (n = 30).%® We validated the model
for two FcyRllla polymorphisms, including higher-affinity
FcyRllla-V'®8 (Figures 2A and S2A) and lower-affinity FcyRllla-
F'8 (Figure S2B), along with FcyRlla-H'®' (Figure S2C), finding
good agreement between rank-order model-concentration pre-
dictions and experimental MFI measurements in a logo-l0g1g
space, in which MFI and concentration are expected to have
a linear relationship within the dynamic range (Spearman p
0.92, root-mean-square error [RMSE] = 246.0; Spearman p =
0.90; Spearman p = 0.89, respectively; all p < 0.0001). We also
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performed validation for one other target antigen: HIV clade
B gp120 from the BalL strain with FcyRlla-H'®', FcyRllla-F'%8,
and FcyRllla-V'®8, again, finding good agreement between
rank-order model predictions and experimental measurements,
despite the lower concentrations leaving the linear dynamic
range (Spearman p = 0.96, p = 0.95 and p = 0.98, respectively,
for HIV clade B gp120 Bal; all p < 0.0001; Figures S2D-S2F).
Although model predictions closely mirrored experimental mea-
surements in most individuals, they were moderately less accu-
rate for individuals with higher FcR complex formation. Careful
inspection, most visibly for FcyRllla-F %8, revealed that these in-
dividuals (especially vaccinees 4, 12, 18, and 23; Figures 2A and
S2) were unique in that all had IgG1 concentrations greater than
1 SD above the group average. We speculate that minor devia-
tions in this group may be due to the fact that our baseline model
used average binding affinity parameters (for env and for
FcyRllla) that do not accurately reflect personalized differences
that may arise from glycosylation or Ab Fab epitope recognition,
which we predict would have a greater influence on individuals
with high IgG1 (discussed in greater detail below).These differ-
ences may also arise from differences in units of model output
and experimental measurements (concentration versus median
fluorescent intensity [MFI], respectively).

Sensitivity analysis highlights the importance of IgG1
and IgG3 for HIV env activation of FcyRllla

Focusing on HIV env gp120 strain A244 (env), the main protein
antigen used in RV144, and FcyRllla, the main FcR involved in
natural killer (NK) cell-mediated ADCC, we next performed a
global uncertainty and sensitivity analysis®® to identify parame-
ters that are key drivers in activating the formation of the env-
IgG-FcyRllla complex. In this analysis, complex formation
(output) was calculated for 2,000 unique sets of parameter
values (i.e., IgG1-4 concentrations and binding affinities to env
and FcyRllla, respectively), sampled from uniform-probability
density functions tailored to each parameter (Figure 1C).
Notably, partial rank-correlation coefficients (PRCCs) calculated
for each parameter (initial concentrations and affinities) sug-
gested that IgG1 and IgG3 were the only globally significant sub-
classes. For these parameters, higher PRCC values indicated
greater influence on complex formation. IgG1 and IgG3 parame-
ters were important in terms of both concentration (PRCC = 0.79
and 0.12, respectively) and affinities to FcR (kon, PRCC = 0.45 and
0.06, respectively) and HIV (IgG1 ko, PRCC = 0.08), with 1gG1
considerably more sensitive than IgG3 parameters (Figures 2B
and 2C). This was unsurprising given that both have a high
affinity to FcyRllla and greater relative average plasma concen-
tration compared with other subclasses (Figure 1C). The impor-
tance of IgG1 and IgG3 parameters was also observed for the
lower-affinity FcyRllla polymorphism (FcyRllla-F'%®) (Figure S3).
The sensitivity analysis also illustrated that IgG1 and IgG3 affinity
to FcRs was more influential than IgG1 and IgG3 affinity to the
HIV env, emphasizing the possible greater importance of genetic
and post-translation modifications that influence Ab Fc region
affinity (such as glycosylation and FcR polymorphisms) over
modifications that influence Fab affinity to the target. Although
this analysis was focused on monomeric gp120 because of its
relevance to RV144, the fact that IgG1 affinity to env was not a
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critical parameter in the model suggests that strain-related dif-
ferences in affinity would not influence results. Interestingly,
FcR complex formation was also significantly sensitive to env
and FcR concentrations, which has implications for variability
in FcR complex formation in tissue compartments with different
levels of FCR expression and virus dissemination. To start with
the simplest possible model, IgG binding cooperativity was not
initially included in the model. To determine whether that could
influence results, a second model framework was created in
which a cooperativity constant (k.) was included for every bind-
ing interaction of a second IgG.“® A global sensitivity analysis for
each FcR (k. was varied from 0.01 to 100) indicated that the co-
operativity constant was not a significant parameter in any of the
models and, so, was not included in the remaining analysis
(Figure S4).

Model reveals personalized differences in the benefit of
increasing IgG1

Because IgG1 and IgG3 concentration were both identified as
sensitive parameters in the global sensitivity analysis and corre-
lated with enhanced Fc functions in the RV144 trial, we used the
model to further explore the landscape of complex formation as
IgG1 and IgG3 concentration were altered together over 2,500
physiologically relevant combinations to predict complex forma-
tion (Figure 3A). This analysis predicted a sensitive range of IgG1
concentration between 18 and 252 nM, in which small changes
in HIV-specific IgG1 would increase complex formation, but
insensitivity above that range. The model additionally suggested
that increases in IgG3 concentration could lead to even greater
complex formation starting at 4.6 nM, with a steeper slope to
indicate more sensitivity to smaller increases in IgG3 and a
much higher limit. The IgG3 occurred at IgG3 levels of 589 nM,
192x the median IgG3 concentration of the vaccinees (Fig-
ure S5A). Unexpectedly, this analysis illustrated how high 1gG1
(greater than 252 nM) may negatively affect complex formation
if IgG3 is also high (greater than 21.6 nM). Inspection revealed
that this occurred because of a lower IgG1 binding affinity for
FcyRllla compared with IgG3; therefore, at high concentrations,
IgG1 can outcompete IgG3 for the env and reduce the overall af-
finity ofimmune complexes to FcyRllla. This effect is also seen in
the lower affinity polymorphism FcyRllla-F'®8 (Figure S5B). Re-
sults from the global sensitivity analyses for FcyRlla-H'®' and
FcyRlla-R"™" suggested that IgG1 parameters were even more
dominant because of an even lower binding affinity of IgG3 for
FcyRlla compared with FcyRllla (Figure S3). Using experimen-
tally measured values for env A244-specific IgG1 and IgG3 con-
centration in 105 RV144 participants, we plotted each individual
on the generated predictive surface (Figure 3A) and found that
unigue combinations of IgG1 and/or IgG3 concentrations would
be required to boost complex formation for each individual. A
comparison of the gradient (slope) calculated from the surface
for each vaccinee in their immediate IgG1 and IgG3 directions
indicated that significantly more vaccinees fell in the IgG1-sensi-
tive region (i.e., increasing IgG1 would result in increased com-
plex formation) than in the 1gG3-sensitive region (Wilcoxon
matched-pairs signed-rank test; p < 0.0001; Figure 3B). Visual
inspection of the surface also suggested that some individuals
were predicted to be sensitive to both IgG1 and IgG3 (Figure 3A)
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and that a few were predicted to have reduced complex forma-
tion with increases in IgG1 levels also seen with a single negative
IgG1 gradient (Figure 3B).

To illustrate this concept more concretely, we used the model
to simulate a theoretical vaccine boosting regimen that
increased HIV-specific IgG1 or IgG3 individually or simulta-
neously by 2x,5x, 10X, and 20x in each individual. We catego-
rized the complex formation achieved in relation to the complex
formation on the IgG1 plateau by tallying the number of individ-
uals that achieved a complex formation “below IgG1 plateau”
(<0.77 nM), “on IgG1 plateau” (0.77-0.98 nM; on IgG1
plateau +10%), or “above IgG1 plateau” (>0.98 nM) in each
case (Figures 3C-3F). Results illustrated how complex formation
on the IgG1 plateau (pink bars; 0.77-0.98 nM) could be achieved
in approximately one-quarter of individuals (27/105) with 2x
IgG1 (Figure 3C) and in most (98/105) with 10x 19G1 (Figure 3E).
Notably, however, complex formation above the IgG1 plateau
(green bars; 0.98 nM) would require high IgG3 without an in-
crease in IgG1. To reach complex formation above the IgG1
plateau, most individuals (72/105) would require at least 20x
IgG3 (Figure 3F). Importantly, these IgG3 additions must occur
without the addition of IgG1, which significantly decreased the
proportion of complex formation above the IgG1 plateau in com-
parison with IgG3 alone in the 20x cases (binomial test; p =
0.0001; Figure 3F). The simulations also illustrated how large ad-
ditions (20x) of IgG1 and IgG3 together could prevent complex
formation above the IgG1 plateau because of competition be-
tween IgG1 and IgG3 to form complexes as described above.
Intriguingly, two individuals in our population already had the ca-
pacity to induce complex formation above the IgG1 plateau at

baseline; however, simulated boosting with IgG1 alone reduced
complex formation on the IgG1 plateau in those individuals
(Figures 3E and 3F). Although there were a limited number of
1gG3-high individuals in the RV144 cohort evaluated in this study
(n = 105), it is possible that more exist across the entire RV144
study (more than 16,000 participants), as well as in other related
trials that employed boosting, including RV305 and RV306.°
Overall, these results suggest that vaccine interventions aimed
at increasing HIV-specific IgG1 are expected to increase com-
plex formation in most individuals, but reach a limit, and that
different individuals are predicted to be sensitive to IgG1 based
on proximity to that limit. Furthermore, they suggest that high
concentrations of IgG1 may reduce complex formation in indi-
viduals with high levels of IgG3.

Experimental validation of IgG1 sensitivity predictions

To validate the concept of differential IgG1 sensitivity experi-
mentally, we used the model to select a subset of individuals pre-
dicted to be insensitive or sensitive to IgG1 concentration and
added a monoclonal IgG1 Ab to serum samples from those
individuals. Because the multiplex assay requires high-affinity
antibodies to ensure binding to the pathogen, we selected an
HIV-specific IgG1 monoclonal antibody, PGT121, reported
to bind with high avidity to clade B HIV-env proteins;'**"*?
however, PGT121 binds comparatively weakly to A244.%° We,
therefore, measured clade B HIV BaL gp120-specific IgG sub-
class concentrations in each individual and plotted them on
the generated IgG1 and IgG3 surface as described above (Fig-
ure 4A). We chose a group of individuals that the model
predicted to be sensitive to increases in BalL IgG1 (we termed
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(A) Measured gp120 Bal-specific initial IgG1 and IgG3 concentrations were used to predict FcyRllla-V'%® complex formation at steady state (z axis) for RV144
vaccinee samples (n = 105; black circles). Individuals were selected based on predicted IgG1 sensitivity: “responders” (blue circles; vaccinees 9, 15, 18, 19, 24,
26, 27, and 30) and “non-responders” (orange circles; vaccinee 1, 3, 4, 12, 13, 16, 22, and 29).

(B and C) Model predictions (circle) and experimental measurements (triangle) of fold change in complex formation for IgG1 responders (blue) and non-re-
sponders (orange) with the addition of either 34 (B) or 140 (C) nM monoclonal PGT121 IgG1. *p < 0.05, **p < 0.01, ***p < 0.001, >***p < 0.0001, ns indicates p value

> 0.05 by ordinary one-way ANOVA.
See also Figure S5.

them “IgG1 responders”; blue; vaccinees 9, 15, 18, 19, 24, 26,
27, and 30) and a group that was predicted to not be sensitive
to IgG1 (we termed them “IgG1 non-responders”; orange; vac-
cinees 1, 3, 4, 12, 13, 16, 22, and 29; Figure 4A) and added an
HIV-specific IgG1 monoclonal Ab to each (34 and 140 nM) before
measuring changes in 1gG-FcyRllla complex formation with
multiplex assays described above. Overall, model predictions
were not significantly different than experimental measurements
for both responders and non-responders at both concentrations
(one-way ANOVA with multiple comparisons; non-responders:
34 nM, p > 0.9922; 140 nM, p > 0.9996; responders: 34 nM,
p = 0.3581; 140 nM, p = 0.9258), and IgG1 responders demon-
strated a significantly higher fold change in complex formation
experimentally (5-fold and 7-fold) than non-responders did
(1.3-fold and 1.3-fold) after addition of 34 and 140 nM IgG1
(one-way ANOVA with multiple comparisons; p = 0.0004 and
p = 0.0150, respectively; Figure 4B). Model predictions were
also significantly correlated with experimental measurements
for responders and non-responders (Spearman; 34 nM addition:
p =0.80, p =0.0003; 140 nM addition: p = 0.84, p = 0.0001; Fig-
ures S5C and S5D).

IgG1 allotype may significantly influence IgG-FcR
complex formation

We next used the model to assess whether IgG concentration
differences arising from genetic background could have signifi-
cantly reduced FcyR-IgG complex formation in HYVTN702 vacci-
nees compared with that of RV144. Recent work indicates IgG1
allotype can influence vaccine-specific IgG subclass distribution
in individuals, with G1m1,3 generally having greater IgG1 and
IgG3 but less IgG4 than G1m-1,3 and G1m1.** These allotypes
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have been linked to ethnicity,”> with G1m1,3 allotype likely

more prevalent in individuals of Asian ethnicity,*® and G1m-1,3
and G1m1 allotypes likely more prevalent in white individuals
and in those of Black African ethnicity.”> One key question is
whether IgG1 allotype-linked changes in IgG subclass concen-
trations could be sufficient to significantly reduce IgG-FcR com-
plex formation in HVTN 702 vaccinees compared with RV144.
We used IgG subclass distributions previously measured in
HIV phase | vaccinees with known different allotypes44 to alter
IgG1-4 concentrations in each RV144 vaccinee according to
the other allotypes by calculating a conversion factor (Figure 5A).
Thus, we were able to “project” RV144 data used in this study
(likely high prevalence of G1m1,3*) onto the G1m-1,3 and
G1m1 allotypes expected to be prevalent in the HVTN 702 trial
performed in South Africa®® (Figure 5B). Overall, the model pre-
dicted that there would be a significant reduction in IgG-FcR
complex formation in G1m1 and G1m-1,3 allotypes, likely
because of reductions in IgG1 for G1m1 and G1m-1,3 in com-
parison with G1m1,3 (rather than changes in IgG3 and 1gG4).
For this reason, the model suggests higher boosts of IgG1 con-
centration may be more important in the South African popula-
tion of the HVTN 702 trial than it would be in the Thai population
of the RV144 trial. Overall, results illustrate how this approach
can be used as a hypothesis-testing tool to isolate and evaluate
factors that may contribute to failed vaccine trials.

IgG1 binding affinity for FcR is important for increasing
FcyRllla complex formation broadly across a population
After observing the importance of varying individual sensitivities to
two parameters (IgG1 and IgG3 concentration), we performed a
personalized single-parameter sensitivity analysis for each
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individual in our study, predicting complex formation after altering
each parameter over 0.004 x to 20x baseline values for that per-
son. A sensitivity metric (change in complex formation/change in
the input parameter) was calculated for each parameter and
used to illustrate the resulting personalized, single-parameter
sensitivities (Figure 6A). We then evaluated complex formation
“below IgG1 plateau” (<0.77 nM), “on IgG1 plateau” (0.77-
0.98 nM; on IgG1 plateau +10%), or “above IgG1 plateau”
(>0.98 nM), as described above. We observed the same variability
in individual sensitivity to IgG1 and IgG3 concentration parame-
ters, consistent with the variability in baseline IgG1 and IgG3 con-
centrations seen in our previous analysis (Figure 3A). Specifically,
most individuals were sensitive to IgG1 concentration, but sensi-
tivity plateaued in accordance with the IgG1 plateau observed in
Figure 3A because 103/105 patients were limited to complex
formation on or below the IgG plateau at any level of IgG1 concen-
tration 0.004x-20x (Figure 6B). Likewise, we saw variability in
IgG3-related parameters that reflects the small number of individ-
uals within the IgG3-sensitive region on Figure 3A, with 72 reach-
ing complex formation above the IgG1 plateau, 11 on the IgG1
plateau, and 22 below the IgG1 plateau for some IgG3 concentra-
tions of 0.004x-20x (Figure 6B). All but two individuals (vacci-
nees 82 and 94, who both had very high IgG4 levels) were not
sensitive to changes in 1gG2 and IgG4 parameters, with only
4-8 vaccinees reaching complex formation on or above the
IgG1 plateau with alterations in these parameters, reinforcing
the deleterious effect of high IgG4 concentrations seen in the
VAX0083 trial. Perhaps the most interesting outcome of the person-
alized, single-parameter sensitivity analyses was that most all in-
dividuals were extremely sensitive to (1) IgG1 Fc affinity to FcR
(105/105 reached complex formation above the IgG1 plateau
with a 0.004x change in the kqg; Figure 6B); and (2) FCR concen-
tration (103/105; Figure 6B). Of note, IgG1 Fc affinity and FcR con-
centration remain the most broadly sensitive parameters in
personalized, single-parameter sensitivity analyses of FcyRllla-
F'%8 FcyRlla-H'", and FcyRlla-R'®", with less IgG3 sensitivity
seen in FcyRlla, as expected (Figure S6). Overall, there was a
significantly higher proportion of complex formation above the
IgG1 plateau with changes in ko, and ko IgG1-FcR than with
changes in IgG1 concentration (binomial test; p < 0.0001). These

results place a high priority on physiological or therapeutic
alterations that could influence IgG1 affinity for FcR, such as
glycosylation, and has important implications for individuals with
different FcyRllla polymorphisms (which alters affinity of the
FcR for all IgGs). In terms of glycosylation, model results predict
significant differences are expected to arise from IgG1 Fc glyco-
sylation in the RV144 vaccinees we evaluated, but not from Fab
glycosylation or from Fc glycosylation of other I1gG (2-4)
subclasses (Figure S7A). Model predictions also suggest that
significant differences would be expected to arise from IgG1 bind-
ing-affinity alterations because of FcyRllla polymorphisms in this
population of RV144 vaccinees (Figures S7B and S7C).

The model reveals synergistic effects of combined
changes in IgG1 concentration and IgG1 FcyRllla
binding affinity

Given the variability in individual sensitivity to IgG1 concentra-
tion, we next hypothesized that IgG and FcR modifications that
influence IgG1 affinity for FcyRllla (including FcR polymor-
phism and glycosylation) have the potential to have synergistic
effects when changed in combination with IgG1 concentration.
This would mean that IgG1 Fc glycosylation and FcR polymor-
phism would have differential effects on FcyR activation across
individuals, depending on an individual’s levels of HIV-specific
IgG1. To test that idea across a range of perturbations, we
increased IgG1 concentration and FcyRllla binding affinity
separately and in combination by 2x, 5%, and 10x to reflect
therapeutically relevant alterations that could be achieved by
glycoengineering (Figure 7A). We selected these perturbations
based on potential concentration changes and previously re-
ported affinity changes related to glycosylation of the IgG1 Fc
region*’°% (Table S2). Interestingly, this analysis illustrated
how alterations in affinity of IgG1 to FcyRlIlla may be most
effective for increasing FcyRIlla complex formation broadly
across vaccinated individuals. For example, although a 2x in-
crease in IgG1 concentration results in complex formation at
the IgG1 plateau in 26% (27/105) of individuals, a 2x increase
in FcyRIlla binding affinity would be predicted to result in a
complex formation above the IgG1 plateau in 40% of individ-
uals (42/105) (Figure 7B). Compellingly, although a 5% increase
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(A) For each vaccinee (x axis, labeled 1-105), parameters (y axis) were altered individually 0.004 x-20X the baseline, and a sensitivity metric was calculated by
dividing the change in complex formation by the change in the parameter multiplier (color bar).

(B) The number of vaccinees at each activation level (below IgG1 plateau, white: < 0.77 nM below the IgG1 plateau; on IgG1 plateau, pink: 0.77 —0.98 nM, on IgG1
plateau +10%; or above IgG1 plateau, green: >0.98 nM, >10% above plateau) for each parameter perturbation, based on the maximum complex formation level
achieved over the seven simulations from 0.004 x to 20 X for each parameter. The data labels on the stacked bar graph indicate the total number of vaccinees that
have achieved that respective complex formation level and all those below it.

See also Figure S6.

in concentration results in complex formation on the IgG1 1gG1 plateau in most (82%; 86/105) individuals (affinity change
plateau in most (75%; 79/105) individuals, a 5x increase in  results in significantly more complex formation above the IgG1
binding affinity would result in complex formation above the plateau by a binomial test; p < 0.0001; Figure 7B).
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Figure 7. Combined changes in IgG1 concentration and IgG1 Fc binding result in synergistic changes in complex formation

(A) Predicted complex formation for each vaccinee at baseline and when IgG1 concentration and IgG1 binding affinity (k) are increased separately or together.
Color bar indicates complex formation.

(B) The number of vaccinees at each complex formation level (below IgG1 plateau, white; on IgG1 plateau, pink; above IgG1 plateau, green) for each condition in (A).
(C-E) Complex formation resulting from (1) simple addition of complex formation predicted from separate initial IgG1 concentration and IgG1-FcyR affinity
parameter perturbations (“Additive”) at 2 x (C), 5x (D), or 10x (E); or (2) simultaneous perturbations of IgG1 concentration and IgG1-FcyR affinity within the model
(“Combined”). Comparison made with a two-tailed Wilcoxon matched-pairs signed rank test with o = 0.05. >***p < 0.0001.

We also show that model predictions of FcyRlIlla complex from simply adding changes expected from each perturbation

formation after combined IgG1 concentration and affinity alter- made separately in the model. For example, when IgG1 concen-
ations in the model were significantly different than expected tration and IgG1 affinity are increased by 5x individually in the
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model, the respective median increases are predicted to be
0.33 nM and 1.4 nM, for a sum total change of 1.7 nM. However,
tuning them simultaneously in the model by 5x results in a
2.7-nM increase in complex formation, a 57% increase over
what would be expected from simple summation. The model
predicted that combined changes were significant compared
to additive individual changes across all conditions evaluated
(Wilcoxon matched-pairs signed rank test; all p < 0.0001; Figures
7C-TE). This result suggests that synergistic effects may arise
from combinatorial increases in both IgG1 concentration and
IgG1 FcR affinity that would not be apparent from studying
each feature in isolation.

DISCUSSION

Here, we present a quantitative approach for understanding how
personalized variation in IgG and FcyR features may contribute
to variability in cellular FcR activation after vaccination. Our re-
sults have important implications in the context of failed HIV vac-
cine trials that were modeled upon RV144. It is possible that
larger numbers of boosts and alternative adjuvants used in other
trials may have had a limited effect on IgG-FcyRllla complex for-
mation because of a plateau in the benefit of increasing IgG1.
Furthermore, the model suggests that elevated IgG1 induced
with boosting may even inhibit Fc responses in some individuals
that have high IgG3. It is also possible that IgG subclass-distribu-
tion differences linked to genetic background (IgG1 allotype)
have the potential to significantly reduce immune complex for-
mation in follow-up RV144 trials in which G1m1,3 allotypes are
less prevalent than G1m-1,3 and G1m1 (such as HVTN702).
Given measurements of IgG1, 19G2, I1gG3, and IgG4 in plasma
samples from other vaccine trials, the analysis presented here
could be usefully extended to directly address these questions.

In contrast to highly variable individual responses to IgG sub-
class concentrations, model results highlighted the global impor-
tance of IgG1 affinity for FcyRllla and suggest that this may be
the most effective way to increase FcyRllla activation broadly
across a population. This is especially interesting in the context
of a number of reported physiologically and therapeutically rele-
vant perturbations to the IgG1 Fc region that could influence
binding affinity, including FcR polymorphisms and glycosyla-
tion.°"°? Results here suggest that vaccine adjuvants able to
modulate IgG1 Fc glycosylation may be the most effective way
to improve FcyRllla complex formation in many vaccinees. For
example, a 2% increase in IgG1-FcR kg, would boost 65% of
vaccinee samples into at least complex formation on the plateau,
whereas a 2X increase in IgG1 concentration alone would
promote complex formation on the plateau in only 28% of vacci-
nees. Furthermore, the model predicted that a 5x increase in
IgG1-FcR kon would result in complex formation above the
IgG1 plateau in 82% of the individuals we evaluated, which
was not achievable with similar changes in IgG1 and IgG3
concentrations. Importantly, model predictions prioritize the
importance of IgG1 Fc glycosylation across a multitude of other
potential glycosylation modifications, including those to IgG2,
IgG3, and 1gG4 Fc regions as well as those that mediate
Fab binding in all IgG subclasses. Previous studies have demon-
strated that different vaccine strategies induce varied antigen-
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specific antibody glycosylation;>* however, specific adjuvant-
mediated modulation of Fc-glycosylation is not yet possible.
Model results may help guide the focus for future experimental
measurements of glycosylation in vaccine samples.

The approach presented here adds a complementary dimen-
sion to previous systems serology research, which has been
based on data-driven computational approaches.”'#%3%:36:54-57
Although data-driven algorithms have been valuable for identi-
fying signatures of antibodies and FcR features associated with
vaccines and/or cellular functions, it has been challenging to
gain insight into mechanisms that underpin heterogeneity across
populations of individuals.?’ Our previous systems-serology anal-
ysis of the data from HIV vaccine trials (including RV144 and
VAX003) identified important statistical associations between
IgG1, IgG3, and Fc-effector functions in the RV144 trial but was
not able to define mechanisms responsible for heterogeneity in
Fc effector functions across individuals.>**® The mechanistic
model presented here builds on that by illustrating how individuals
may be differentially sensitive to vaccine regimens that increase
IgG1 concentration and identifies a mechanism by which some in-
dividuals may be negatively affected by an increase in IgG1. It also
highlights the importance of IgG1 affinity for FcyRllla as a critical
parameter for increasing FcyRllla activation and ADCC broadly
across populations of individuals. Altogether, these results com-
plement information obtained from previous data-driven analyses.

This model is a simple reconstruction of key events under-
stood to be involved in FcyRllla activation upstream of ADCC
and represents a first step toward quantitative understanding
of intercellular IgG-FcR signaling. Our current model only con-
siders FcyRllla, a single FcyR type believed to be upstream of
ADCC, and a single HIV epitope (env) that was central to
RV144 vaccination. Although it provides insight into concepts
of personalized mechanisms that may limit FcyRIlla complex for-
mation after RV144 vaccination, predicting vaccine efficacy and
the full quantitative mechanisms underlying responses to treat-
ment in humans will be more complex. Future iterations of this
work could include multiple epitopes to assess competition or
a range of other infectious diseases, including SARS-CoV-2,°°
Mpycobacterium tuberculosis, and Ebola, or even to enhance
monoclonal-antibody therapeutics.’

Overall, the results of this study resonate with existing litera-
ture from HIV vaccine trials and also provide insights for maxi-
mizing FcyRIllla complex formation after vaccination across
patient populations. Especially surprising were quantitative in-
sights that predicted limitations in vaccine platforms that induce
large increases in HIV-specific IgG1, contrasted with a seem-
ingly unlimited benefit of increasing IgG1 FcyRllla binding
affinity. Computational methods may be valuable for acceler-
ating and guiding future vaccine development because these
methods can predict which component(s) of an Ab (Fab or Fc)
have the greatest contribution to Fc effector functions and may
save time and cost in experimental assays. Importantly, this
approach could be useful for projecting vaccine trial results
from one genetic background to another, providing information
on the role of genetic parameters, independent of other
variation in IgG and FcR features that occur across populations.
Overall, we believe that this approach could help guide develop-
ment of future vaccine strategies against antigenically variable
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pathogens and understand personalized mechanisms that un-
derpin FcR activation.

Limitations of the study

In this study, model predictions were validated with cell-free
multiplex assays, which were necessary to overcome challenges
associated with low sample volume and to provide a direct com-
parison between model predictions and experimental measure-
ments. Future work involving cellular assays represent a critical
next step. This will require consideration of FcyR cell-surface
concentrations and activation thresholds associated with
cellular function, which have not yet been accessible with the
rsFcyR dimer-binding assays (complex formation is measured
in MFI units). Additionally, linking vaccine efficacy to levels of
FcyR complex formation would require use of case-control vac-
cine-failure samples, which were not available for use in this
study but could be evaluated in the future.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

RV144 samples

RV144 phase Il clinical trial plasma samples'” were provided by the U.S Military HIV Research Program (MHRP). Samples from week
26 (2 weeks post vaccination) RV144 vaccine recipients (n = 30; n = 75 from two separate shipments) were evaluated using data from
a previously published study.®* All relevant human research ethics committees approved all experimental studies. All plasma sam-
ples were provided de-identified of demographics including gender and age.

METHOD DETAILS

Experimental methods

HIV-specific multiplex IgG subclass, rsFcyR dimer-binding assay

HIV-specific IgG subclass and recombinant soluble FcyR (rsFcyR) dimer binding multiplex data was used from a previously pub-
lished RV144 study.®® Extracted multiplex data included previously published IgG1, 19G2, 1gG3, 1gG4, rsFcyRlla-H'®', rsFcyRllla-
V'%8 rsFcyRllla-F'%® dimer data from the customized multiplex or ELISA binding assays using HIV-1 Clade AE A244 gp120 (NIH
AIDS reagents catalog#12569), HIV-1 Clade B BAL gp120 (NIH AIDS reagents catalog #4961) recombinant protein antigens and Influ-
enza Hemagglutinin (HA) protein (H3/Switzerland/2013, Sinobiological) as a positive control antigen, as nearly all individuals have
previously been exposed to Influenza A virus.

These dimeric rsFcyR assays have been applied to several HIV and other infectious disease studies, which have demonstrated that
they correlate with and hence are predictive of in vitro cell based ADCC and ADCP assays.”®3"**** All multiplex data was reported
as an arbitrary Median Fluorescence Intensity (MFI).

For responder and non-responder IgG1 validation assays, multiplex assays were repeated as previously described®® with and
without the addition of 5ug or 20ug (ie 34 and 140 nM) of human HIV-specific IgG1 mAb PGT121 (purchased from the Center for Anti-
body Development and Production, Scripts Research Institute).

Surface plasmon resonance

SPR was conducted as previously described.®® Briefly biotinylated gp120 BAL (NIH AIDS Reagents) was immobilized onto a SA
sensor chip at approximately 300, 500 and 800 response units. A blank flow cell with no immobilized ligand was used as a reference
flow cell. Injections of 60 ul of purified HIV-IgG (NIH AIDS Reagents program) at 1:3 dilutions ranging from 0.5 to 0.006 mg/ml were
passed across flow cells at a flow rate of 20pg/ml, with subsequent 360 s dissociation time to determine IgG disassociation. Regen-
eration after each injection used two pulses of 10mM glycine HCI, pH 2.5. SPR measurements were conducted in HBS-EP buffer
(0.01M HEPES (pH 7.4), 0.15M NaCL, 3mM EDTA, 0.005% [vol/vol]). Kinetic data was calculated using BIA evaluation program,
with data being fitted to the simplest 1:1 langmuir binding model.

Computational methods

MFI conversion to mM

MFI measurements were converted to concentration measurements using a conversion factor based on a reference IgG1 concen-
tration of 10,000 ng/mL.%® For multiplex readings, when a standard is available there is a log-linear relationship between MFI
and concentration when measurements are within the machine’s dynamic range.*® Conversion formulas were based on this typical
relationship. We assumed that MFI measurements were in the dynamic range, and that the average IgG1 concentration was
10,000 ng/mL. The conversion factor found for IgG1 was then applied to the remaining species within that given assay. This method
was only used for IgG subclass concentrations and not complex formation first because the reference concentration is from a similar
vaccine trial and is not measured directly from RV144 vaccinees. Furthermore, MFI of IgG subclasses and MFI of FcR complex for-
mation were measured in different experimental assays, using different fluorescent detector reagents (ie each reagent has different
relative fluorescence per molecule) such that absolute quantitative comparisons across assays is extremely difficult. Given these un-
certainties, we are not comfortable converting our experimental FcR complex measurements to nM, implying a direct prediction of
concentration.

MFI,, = MFI of species n for vaccinee 1 — 105
mw,, = molecular weight of species n in kDa

ref = reference concentration =10,000 %

cf = conversion factor

ngml = concentration in ng/mL
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logo(ref)
mean (lOg10 (MFI/gG1 ))

ngmi, = 10eg10(MFlp)cf)
ngmi,
mM, = —=2"
" mw, x 108

ODE model

A system of ODE equations was created to describe the env-IgG-FcyR system in Figure 1B. We assumed no degradation or produc-
tion of species over the short time span of the model. Initial concentrations of IgG1, 1I9G2, IgG3, IgG4 were set for each individual using
measurements made in sera samples from each vaccinee (see below). The average of these personal values for vaccinees 1-30 were
used as the baseline measurements for initial IgG concentrations in the global sensitivity analysis. The initial concentrations of env
(~25 nM) and rsFcyR dimer (~20 nM) were set based on multiplex experimental conditions described previously and annotated
below (Figure 1C). *® The initial concentration of each complex was set to zero. Binding parameters for IgG1, 1gG2, IgG3, IgG4,
and FcyR dimers were set based on literature values®® while env binding parameters were determined via SPR measurements as
described below (see Figure 1C and Table S1). We obtained Kas for each IgG subclass binding to FcyRIIIA-V'%8 from the literature.?®
We converted these Kas to kons by estimating a universal kog from pooled RV144 serum samples (0.01 s7'). We used MATLAB’s
ode113 solver function to predict the concentration of each complex over 100000 s, with an absolute error tolerance of 1e-50, relative
tolerance of 1e-10. We assumed sequential IgG antibody binding to env prior to engagement of any env-IgG-IgG complex with any
FcyR dimer. We assumed no cooperativity in IgG binding env (affinity values are independent of the presence of another IgG on the
same envelope protein). For antigen-lgG complexes containing two of the same IgG subclass we used literature values for the re-
ported value of that subclass.?® For complexes containing two different IgG subclasses we averaged the two individual IgG subclass
affinities. All parameters used (and sources) are reported in Figure 1C and Table S1.

Sensitivity analysis

We performed a global uncertainty and sensitivity analysis®® using population averages for baseline concentration parameters (Fig-
ures 2B, 2C, S3, and S4), as well as a personalized single-parameter sensitivity analysis, using personalized concentration param-
eters as baseline (Figures 6A and S6)- In the global sensitivity analysis algorithm provided by the Kirschner lab at the University of
Michigan (Figures 2B, 2C, S3, and S4), we assigned uniform probability density functions (pdfs) to each parameter (initial concentra-
tions and affinities) with a minimum 0.004X of baseline and a max 20X of baseline for all parameters except kc (0.01X-100X and base-
line = 1).°° These pdfs were sampled using Latin hypercube sampling (LHS) to create random combinations of parameter values. The
model was evaluated under each of the 2,000 sets of random parameter combinations, allowing for a multidimensional exploration of
the system. Partial rank correlation coefficient (PRCC) calculated within the algorithm determined the correlation between each input
variable’s variance throughout multidimensional analysis and the output variable, giving a sensitivity measure for each parameter and
a statistical significance of its effect on complex formation.

Combinatorial IgG1 and IgG3 concentration parameter alterations (Figures 3 and S5)

2,500 simulations were run with differing combinations of initial IgG1 and IgG3 concentrations. All combinations of 50 values were
uniformly spaced on a logarithmic scale between 0.004X-20X baseline concentration for Figures 3A and S5B and 0.004X-500X
for Figure S5A for both IgG1 and IgG3 and were simulated with FcYFtIIIa-V158 affinity parameters for Figures 3A and S5A, and for
both polymorphisms in FcyRlIla and FcyRllla in Figure S5B. Results were plotted as a grid surface. We predicted individual complex
formation (n = 105) based on IgG subclass 1-4 concentrations. Individuals were plotted as circles at their specific IgG1 and IgG3
initial concentrations with their individually predicted complex formation concentration. Complex formation below the IgG1 plateau
(< 0.77 nM, white), on the IgG1 plateau (0.77-0.98 nM, pink), and above the IgG1 plateau (> 0.98 nM, green) categories were defined
based on the IgG1 plateau on the grid surface, with complex formation on the IgG1 plateau going from the plateau minimum to 10%
higher than the plateau’s maximum value. The grid was colored based on the minimum threshold value achieved within each square.
Simulations of IgG1, IgG3, or simultaneous fold changes were performed at 2X, 5X, 10X and 20X of personal baselines. Vaccinees
were binned into complex formation below, on, or above the IgG1 plateau under each of these conditions based on the previously
mentioned thresholds. IgG1 and IgG3 gradients were calculated for each surface grid intersection (n = 2,500) using MATLAB’s built in
gradient function, which calculated the numerical gradient based on the complex formation data (z axis) and the uniform logarithmi-
cally spaced increments of IgG1 and IgG3 concentration (x and y axis). Each vaccinee’s gradient (n = 105) was approximated by using
the gradient value at the nearest grid intersection corresponding to their personalized IgG1 and IgG3 concentrations.

IgG1 sensitivity validation (Figure 4)

We simulated the addition of either 34 or 140 nM IgG1 to each of the 30 vaccinees we had baseline complex formation measurements
from to predict 8 IgG1 responders (highest fold change in complex formation from baseline) and 8 non-responders (lowest fold
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change in complex formation from baseline after IgG1 addition). In order to experimentally validate our model and predictions,
HIV-specific monoclonal PGT121 IgG1 was added in the specified amounts to each plasma sample prior to being assessed for
FcyRllla dimer binding via multiplex assay. Due to the large quantities of monoclonal Ab required for this assay and the need to
use a monoclonal Ab with described ability to bind FcyRllla, we used PGT121 IgG1, which binds with high avidity to Clade B HIV
envelope proteins, but binds comparatively weakly to A244 strains.®*=*® Thus we performed these simulations using HIV Clade
B gp120 BAL-specific IgG1-4 concentrations. Complex formation for each responder and non-responder with each addition were
captured by the model and measured in the multiplex assay and then converted into concentration using the same methods as
IgG conversion.

Allotype simulations (Figure 5)

We projected complex formation into differently allotyped populations by first calculating a conversion factor under the assumption
that our original dataset is entirely G1m1,3. We used time-matched (26 weeks; n = 6) human IgG subtype concentration data from a
Phase | study on a candidate vaccine containing HIV-1 clade C CN54 gp140 envelope protein.®® In collaboration with the authors, we
grouped vaccinees by allotype (G1m-1,3n=3; G1m1,3n=1; G1m1 n = 2) and took the mean of each IgG subtype for each allotype.
We calculated conversion factors for each IgG by dividing the given allotype’s mean concentration by G1m1,3’s mean concentration
as follows:

cfey; = conversion factor for IgGi to allotype G1mj

mg. = mean concentration of IgGi in allotype G1mj

19Gi 19Gi 19Gi
ClGhm = mGg1r,nj/mg1;1,3
To run the simulations to project the RV144 data available to us into G1m-1,3 and G1m1 populations, we converted each IgG initial
concentration for each vaccinee based on the respective conversion factor as follows:

I9Gig,,,; = Initial IgGi concentration for vaccinee x in allotype G1mj

X _ 1gGi X
19GiG1m = CfGim; * 19GiG1m 3

With the converted IgG initial concentrations, the simulations were performed as described in the ODE model section above.

Personalized single-parameter sensitivity analysis (Figures 6 and S6)

We altered each parameter (ko and ke for each reaction and initial species concentrations) one at a time at three values above and
below baseline (0.004X, 0.02X, 0.1X, 1X, 2.5X, 5X, and 20X) and calculated the predicted complex formation as total env-lgG-FcyR
complexes at steady state. The sensitivity metric for each parameter was defined based on the following equation:

sm;; = sensitivity metric to parameter i for vaccinnee j
fc = fold change vector = [0.0040.020.112.55 20]

com;; = [complex formationo eeax_i;---complex formationzox_i;]
max (com,-j> — min (com,-J) max (com,-,) — min (com,-j>
max <E> —min (E) 20 —0.004

We summarized the personal sensitivity simulation by binning vaccinees into low medium or high activation based on the maximum
complex formation they achieve for each parameter when altered 0.004X-20X from baseline.

Sm,-J- =

Individual and combinatorial IgG1 concentration and Fc affinity simulations (Figure 7)

We simulated alterations (2X, 5X, 10X, or 20X from baseline) in either IgG1 concentration, IgG1 ko, to FcyRllla-V'®8, or both simul-
taneously. Each vaccinee’s complex formation was captured for under each condition and plotted on a heatmap. These results were
summarized by binning vaccinees into complex formation below, on, or above the IgG1 plateau based on the previously mentioned
thresholds for each condition. The combinatorial simulation results were compared to the additive result, based on the following for-
mula for each alteration to each individual: additive complex formation = baseline + AlgG1 concentration alone + AlgG1-FcyR kon,
alone.
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Glycosylation simulations

We obtained data on fold change in IgG1-FcyR affinity with each glycosylation type from the published literature.*® We applied
the maximum fold change in affinity (31X) seen in Dekkers et al. for FcyRllla-V'®® to each IgG subtype’s Fc (kon IgGx-FcR) and
Fab (kon IgGx-env) region individually to compare change in complex formation with the same change in affinity (Figure S7A).

FcyR polymorphism simulations

We obtained FcyR polymorphism and class specific affinity parameters from the literature, calculated values listed in Table S1.% The
affinity values were reported in K5, and we converted each Ky to a ko, using a constant estimated ko of 0.01 s™!. We ran a simulation
for each vaccinee at each set of FcyR parameters, and then compared each polymorphism with a two-tailed Wilcoxon matched-pairs
signed rank test performed in GraphPad Prism with o = 0.05.

Software

ODE modeling, sensitivity analyses, and 3-D plots were completed using MATLAB 2019a (MathWorks, Natick, MA). Visualization of
the remaining plots, and statistics were completed using GraphPad Prism version 8.0.0. Custom MATLAB code is available, as stated
in the Key resources table, to run the simulations necessary to generate the data (steady state complex formation concentrations)
used in this analysis. Additionally this code will replicate Figures 2A-2C, 3A, 3B, 4A, and 6A. All other figures can be replicated using
the data generated by these simulations or by making small alterations to code as indicated in comments.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures 2, S3, and S4: To evaluate model validation (Figure 2A), a two-tailed Spearman correlation was performed in GraphPad Prism
on the measured MFI and predicted nM complex formation values with o = 0.05. The global sensitivity analysis (Figures 2B, 2C, S3,
and S4) and partial rank correlation coefficient (PRCC) calculation method, which has been previously published,* uses Latin hyper-
cube sampling (LHS) to randomize input parameters and calculates PRCC for each parameter by calculating the linear correlation
between the parameter input and complex formation output while discounting the linear effects of all other parameter inputs. The
significance of each PRCC value is tested by comparing its T value, which accounts for the number of other parameters and number
of samples, to a critical t-value giving a p value used to determine if the PRCC is significantly different from zero. Statistical details are
included in the figure legends.

Figure 3: The gradients were compared using a two-tailed Wilcoxon matched-pairs signed rank test performed in GraphPad Prism
with o = 0.05. To compare 10X and 20X IgG3 additions, we used a binomial test performed in Graphpad prism on the proportion of
high versus the combination of medium and low activating individuals with .= 0.05. We used the 10X I|gG3 addition proportions as the
expected values (45 above the IgG1 plateau, 60 on or below the IgG1 plateau) and the 20X proportions as the observed values. To
compare IgG1 & IgG3 additions to IgG3 alone additions, we used a binomial test performed in Graphpad prism on the proportion of
individuals with complex formation above the IgG1 plateau versus the combination of individuals with complex formation on or below
the IgG1 plateau with o = 0.05. We used the IgG3 alone addition proportions as the expected values for each respective addition level
and the IgG1 & 1gG3 proportions as the observed values for each respective addition level. Statistical details are included in the figure
legends.

Figure 4:1gG1 addition model and experimental measurements within each addition level (34nM or 140nM) were compared using
an ordinary one-way ANOVA performed in GraphPad Prism with multiple comparisons and the Tukey test with a single pooled vari-
ance and no matching or pairing (o = 0.05). Only the results between model and experimental results within the same condition, or
responders and non-responders within the same condition are reported in the figure. Statistical details are included in the figure
legends.

Figure 5: Complex formation for each Gm allotype were compared using a Friedman’s test with Dunn’s multiple comparison test in
GraphPad Prism (o = 0.05). Statistical details are included in the figure legends.

Figure 6: To compare proportions of complex formation above the IgG1 plateau, we used a binomial test performed in Graphpad
prism on the proportion of complex formation above the IgG1 plateau versus the combination of individuals with complex formation
on or below the IgG1 plateau with o = 0.05. To compare proportions of individuals with complex formation on the IgG1 plateau, we
used a binomial test performed in Graphpad prism on the proportion of complex formation on the IgG1 plateau versus the combi-
nation of individuals with complex formation above and below the IgG1 plateau with o = 0.05. We used the IgG1 concentration pro-
portions as the expected values when comparing to ke IgG1-FcR, and IgG3 concentration proportions as the expected values when
comparing to IgG1 concentration proportions. Statistical details are included in the figure legends.

Figure 7: The additive and combination complex formations for each fold change (2X, 5X, 10X) were compared using a two-tailed
Wilcoxon matched-pairs signed rank test performed in GraphPad Prism with . = 0.05. To compare proportions of complex formation
above the IgG1 plateau, we used a binomial test performed in Graphpad prism on the proportion of complex formation above the
IgG1 plateau versus the combination of individuals with complex formation on or below the IgG1 plateau with . = 0.05. To compare
proportions of complex formation on the IgG1 plateau, we used a binomial test performed in Graphpad prism on the proportion of
complex formation on the IgG1 plateau versus the combination of individuals with complex formation above and below the 1gG1
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plateau with oo = 0.05. We used the affinity alone alteration proportions as the expected values and the concentration alone alteration
proportions as the observed values. Statistical details are included in the figure legends.

Figure S2: To further evaluate model validation (Figure S2A), we calculated a log-log least-squares fit of Measured MFIs versus
Predicted concentration in GraphPad Prism and captured the RMSE. To evaluate model validation (Figures S2B-S2F), a two-tailed
Spearman correlation was performed in GraphPad Prism on the measured MFI and predicted nM complex formation values from
each dataset with o = 0.05. Statistical details are included in the figure legends.

Figure S5: To evaluate model validation after IgG1 additions (Figure S5), a two-tailed Spearman correlation was performed in
GraphPad Prism on predicted versus measured fold change in complex formation with o = 0.05. Statistical details are included in
the figure legends.

Figure S7: Change in complex formation with glycosylation of Fc or Fab regions of IgG1-4 were compared using an ordinary
one-way ANOVA performed in GraphPad Prism with multiple comparisons and the Tukey test with a single pooled variance and
no matching or pairing (. = 0.05). The complex formation in different FcR polymorphisms was compared using a two-tailed Wilcoxon
matched-pairs signed rank test performed in GraphPad Prism with o = 0.05. Statistical details are included in the figure legends.
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