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Abstract

Antibodies and humoral memory are key components of the adaptive immune system. We
consider and computationally model mechanisms by which humoral memory present at
baseline might increase rather than decrease infection load; we refer to this effect as EI-HM
(enhancement of infection by humoral memory). We first consider antibody dependent
enhancement (ADE) in which antibody enhances the growth of the pathogen, typically a
virus, and typically at intermediate ‘Goldilocks’ levels of antibody. Our ADE model repro-
duces ADE in vitro and enhancement of infection in vivo from passive antibody transfer. But
notably the simplest implementation of our ADE model never results in EI-HM. Adding com-
plexity, by making the cross-reactive antibody much less neutralizing than the de novo gen-
erated antibody or by including a sufficiently strong non-antibody immune response, allows
for ADE-mediated EI-HM. We next consider the possibility that cross-reactive memory
causes EI-HM by crowding out a possibly superior de novoimmune response. We show
that, even without ADE, EI-HM can occur when the cross-reactive response is both less
potent and ‘directly’ (i.e. independently of infection load) suppressive with regard to the de
novo response. In this case adding a non-antibody immune response to our computational
model greatly reduces or completely eliminates EI-HM, which suggests that ‘crowding out’ is
unlikely to cause substantial EI-HM. Hence, our results provide examples in which simple
models give qualitatively opposite results compared to models with plausible complexity.
Our results may be helpful in interpreting and reconciling disparate experimental findings,
especially from dengue, and for vaccination.

Author summary

Humoral memory, generated by infection with a pathogen, can protect against subsequent
infection by the same and related pathogens. We consider situations in which humoral
memory is counterproductive and instead enhances infection by related pathogens.
Numerous experiments have shown that the addition of binding antibody makes certain
viruses more, rather than less, infectious; typically high levels of antibody are still protec-
tive, meaning that infectivity is maximized at intermediate ‘Goldilocks’ levels of antibody.
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Additionally, we consider the situation in which cross-reactive humoral memory domi-
nates relative to the de novo response. Memory dominance has been documented for
influenza infections, but whether it is harmful or not is unclear. We show computationally
that both ADE and a certain type of competition between the cross-reactive and de novo
responses translate into enhancement of infection in certain circumstances but not in oth-
ers. We discuss the implications of our research for dengue infection, a common mos-
quito-transmitted viral infection, and vaccination.

Introduction

Antibody is a key component of the adaptive immune system. Antibodies bind to viruses, bac-
teria, and other microbes and thereby inhibit microbe function and aid in microbe clearance.
For certain infections, antibody levels are considered the key correlate of protection [1], mean-
ing that increasing antibody levels are associated with protection from infection or disease.

Paradoxically for certain viral infections, antibody can instead enhance infection—an effect
known as antibody dependent enhancement (ADE). ADE has now been reported for many
viruses including dengue, West Nile, HIV, influenza A, Ebola, rabies, polio, and HSV1 [2]. It is
generally believed that ADE results when antibody bound to virus increases the ability of that
virus to infect certain cells, like macrophages, that possess Fc receptors [2].

In the case of dengue, it has also been reported that maternal antibodies can enhance dis-
ease severity in infants [3-6]. Consistent with this observation, transfer of dengue antibodies
to dengue-infected monkeys can greatly increase viral load [7, 8].

A related concern to ADE is that cross-reactive humoral memory from previous infections
or vaccinations may enhance the subsequent infection [9, 10]. This is particularly a concern
for dengue infection which is caused by four serotypes of virus—DENV1, DENV2, DENV3,
and DENV4—that are only 65% similar at the amino acid level [11]. Certain studies have
reported that infection with one serotype of dengue, for example DENV1, may make infection
with a second serotype, for example DENV2, more severe probably as a consequence of ADE
[12-14].

In contrast, the discussion surrounding influenza has focused more on the issue of original
antigenic sin [15]. According to the original antigenic sin model, the immune response
remains focused on the first influenza strain encountered even after multiple subsequent influ-
enza infections. Original antigenic sin is not necessarily bad, and certain authors have argued
that antigenic seniority is a more apt term [15].

Definitions

In this paper we use the following definitions:

Antibody dependent enhancement (ADE) means that viral growth is enhanced at some level
of antibody compared to no antibody. Mechanistically, we model this via higher infectivity of
virions with some bound antibody.

Enhancement of infection from humoral memory (EI-HM) means that infection load is
greater in the presence of cross-reactive humoral memory than in its absence. While there are
many ways to measure infection load, in this paper we consistently use the peak number of
infected cells.

Enhancement of infection from passive antibody (EI-PA) means that infection load is greater
when passive antibody—for example maternal antibody—is supplied to a host than in its
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absence. (We assume that this host has an adaptive immune system and will generate a
humoral response of its own.)

Memory dominance means that the cross-reactive memory response dominates the de novo
immune response. Memory dominance may be viewed as a proxy for original antigenic sin
(see § ‘Memory Dominance as a Proxy for Original Antigenic Sin’ in S1 Text for further
explanation).

Suppressive memory means that cross-reactive memory “directly” suppresses the de novo
immune response ignoring any “indirect” effects mediated via infection load.

See Fig 1 for a conceptual diagram of these differences.

Model and results
ADE model

To investigate the mechanisms depicted in Fig 1, we create a mathematical model of the essen-
tial infection components. In this model, infected cells (I) produce virus. V; is virus with little
or no bound antibody. V, is virus with intermediate amounts of bound antibody. Virus with
the most antibody bound, V3, is neutralized. We assume that V, virus is more infectious than
Vi virus (ie. B, > ;). A, is cross-reactive memory antibody. A,, is the de novo antibody
response. A, is passive antibody (e.g. maternal antibody). R is the non-antibody (e.g. innate or

Fig 1. Conceptual diagram. Classically, infected cells (I) trigger the growth of antibodies (A, and Ay), and antibodies
inhibit infection. In the case of ADE, antibodies can instead enhance infection (shown by green plus signs). In the case
of suppressive memory (effect shown by the red minus sign), the cross-reactive response (A.) directly inhibits the
response of de novo antibodies (Ay); this is in addition to any indirect effect mediated by infection load.

https://doi.org/10.1371/journal.pcbi.1011377.9001
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CD8 T cell) immune response. We assume that only a small fraction of target cells are depleted
during the course of infection; hence, we do not explicitly model loss of susceptible cells.

The mechanisms we consider are described by the following set of ordinary differential
equations (detailed schematic in Fig A in S1 Text).

I = —bl +B,V,+B,V,— kiR
N CA N (1)
cell death infection non-Ab clearance
Vl = pl —V(a +kA+k,A, + kplAp)
~~ ~~ (2)
production clearance binding by antibodies

Vz = Vl(kclAc + knlAn + kplAp> - V2( a + kaAc + kn2An + kPQAP)

clearance

newly partially bound further binding

Vg =V, (koA + kA, + kaAp) — aV,
—

newly completely bound clearance

A, = s g(I>1)A,

NP A/ (5)

growth  indicator

A, = s, 1(I>1)A,

N g (6)

growth  indicator

no growth

R :\Si-/X(I>1) (8)

growth  indicator

Here, y is the indicator function. Table 1 describes the model parameters. Unless otherwise
stated we use the default parameter values shown in the table. Model parameters were chosen
to give an asymptotic growth of 1.5 natural logs (In) per day in the absence of antibody and 2.5
In per day at maximum ADE and peak infection load at 10 days. For comparison the growth of
the yellow fever YEV-17D virus was estimated at 1.6 In per day [16]. Model dynamics are
shown in Fig C (primary infection with default parameter values) and Figs D-Iin S1 Text.

As our goal is conceptual clarity and identifying essential factors, we deliberately use a rela-
tively simple model and strip out components that seem non-essential. See § ‘Model Changes’
as well as S1 Text § ‘Other Models’ for alternative models.

The model recapitulates in vitro ADE

In this section, we simulate a 48 hour in vitro cell culture experiment. As there is no active
immune response, A.(0) = A,,(0) = 0. Fig 2 shows the quantity of infected cells at the end of the
simulation for different values of A, and compares them to experimental values.

An antibody level of 15 produces maximum ADE in the model; this level of antibody pro-
duces 10 fold greater infection load after 48 hours as compared to no antibody. Hence the
model described above does produce ADE. Higher levels of antibody (> 74) reduce infection
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Table 1. Model parameters.

Parameter Interpretation Default Value*

b Death rate of infected cells 1/day

iR Infectivity of V; virus 29 CU/VU/day

i3 Infectivity of V, virus 74 CU/VU/day

kg Efficiency of non-antibody immune response 1/RU/day

p Viral production by infected cells 1 VU/CU/day

a Death rate of virions 10/day

ket kns ko1 Efficiency of conversion of V; virus to V; virus by A, A,,, and A, antibody 1/AU/day
respectively

kea kuas kp2 Efficiency of neutralization of V, virus by A, A,,, and A, antibody 0.25/AU/day
respectively

Ser S Growth rate of A, and A,, antibody respectively 1/day

SR Growth rate of non-antibody immune response 0 RU/day

1(0) Infected cells at time zero 0CU

V1(0), V5(0), Initial values for virus 0.1,0,and 0 VU

V3(0)

AL0), A,(0), Initial values for antibody 0, 0.036, and 0

A,(0) AU

R(0) Initial value for non-antibody immune response 0RU

*CU, VU, AU and RU are units for cells, virus, antibody and non-antibody immunity respectively.

https://doi.org/10.1371/journal.pcbi.1011377.t1001

growth as compared to no antibody. This pattern of enhanced growth at intermediate levels of
antibody and reduced or no growth at higher levels of antibody matches the pattern seen from
in vitro experiments with dengue [17] and West Nile [18] viruses.

The model produces EI-PA

Building upon our previous in vitro model to replicate an in vivo experiment, we now include
additional factors. First, we simulate supply of passive (e.g. maternal) antibody (A,) to an
infected host. Second, in addition to these passive antibodies, the host’s immune system will
generate antibodies (4,,) in response to the infection. Fig 3 shows peak infected cells for differ-

ent values of A,
In this case, a passive antibody level of 11 produces maximum enhancement; this level of
passive antibody increases infection load 35 fold compared to no passive antibody. Thus, in
this model, adding passive antibody can dramatically enhance infection, but higher levels of
passive antibody are protective. Hence, the model qualitatively reproduces dengue data from

infants [3, 4] which show that high levels of maternal antibody are protective but intermediate
levels are associated with enhanced disease. The model is also consistent with dengue animal
studies showing enhanced viral load when passive antibody is supplied [7, 8].

The model does not (necessarily) produce EI-HM

In this section, we simulate infection for varying baseline levels of cross-reactive memory anti-
body. We build upon our original in vitro model and now include both de novo and cross-reac-
tive antibody response to create an in vivo model. Because cross-reactive antibodies may
replicate some but not necessarily all the features of de novo antibodies such as growth rate or
neutralizing activities, we first investigate the simplest scenario where cross-reactive and de
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Fig 2. Experimental and simulated in vitro ADE. In Panel A, a single cycle West Nile virus, a flavivirus related to dengue, was grown in K562
DC-SIGN R cells with different molar concentrations of antibody which yielded peak infection load at intermediate concentrations of antibody.
Dengue, grown for 24 hours in PBMC with different concentrations of dengue pooled convalescent serum, likewise shows a similar pattern, as seen in
Panel B. In Panel C, our ADE model was used to simulate in vitro experiments in which antibody level is kept constant and infection load is measured
after 2 days. Qualitatively all three panels show the same pattern: lower levels of antibody increased viral growth but higher levels were neutralizing.
(West Nile data digitized from Fig 3A in [18]. Dengue data digitized from Fig 4A in [19].)

https://doi.org/10.1371/journal.pcbi.1011377.9002
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Fig 3. Passive antibody can enhance infection. The figure shows experimental data, Panel A, and simulation results from the ADE model in Panel B.
Adding lower levels of passive antibody (e.g. maternal antibody) enhances infection, but higher levels of passive antibody are protective. (Experimental
data from Table 1 in [8].)

https://doi.org/10.1371/journal.pcbi.1011377.9003
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Fig 4. ADE but no EI-HM. The figure shows simulation results from the ADE model. In these simulations, cross-reactive
antibodies behave the same as de novo antibodies (s, = s,, and k; = k,;;). Boosting the baseline level of cross-reactive humoral
immunity does not enhance infection in these simulations despite the presence of ADE.

https://doi.org/10.1371/journal.pcbi.1011377.9004

novo antibodies have all of the same properties. Fig 4 shows peak infected cells for different val-
ues of A.(0).

In this case, we see only protection as A.(0) increases. Hence ADE, where partially bound
virus is more infectious than free virus, does not necessarily produce EI-HM.

The model can produce EI-HM in certain circumstances

Although the simplest implementation of our in vivo model (shown above) does not show
enhancement of infection from humoral memory, our model produces EI-HM in certain situ-
ations as shown in the following sections.

Cross-reactive antibody is less neutralizing. In these simulations the cross-reactive anti-
body grows at the same rate but is less neutralizing than the de novo antibody—either k., =
0.125 or k., = 0.05. k., = 0.125 can be loosely interpreted as meaning that the cross-reactive
antibody is half as neutralizing as the de novo antibody, whereas k., = 0.05 can be loosely inter-
preted as meaning that the cross-reactive antibody is 5 times less neutralizing than the de novo
antibody. Fig 5 shows peak infected cells for different values of A (0).

With k., = 0.125, no EI-HM was observed, but with k., = 0.05, there is some enhancement
of infection at low levels of A (0). However, the degree of enhancement is relatively small—a 5
fold difference in neutralization ability translates into a maximum enhancement of only 2.7
fold compared to A.(0) = 0.

Increasing k., the rate at which the cross-reactive antibody enhances virus, has an analo-
gous effect to decreasing k.,. k.; = 2k,,; = 2 does not produce EI-HM whereas k., = 5k,;; =5
produces maximum relative enhancement of 2.7 fold.
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Fig 5. Less neutralizing, cross-reactive antibodies, modeled with k., = 0.05, produce some EI-HM. The figure shows
simulation results from the ADE model when including cross-reactive antibodies. When the cross-reactive antibody is half as
neutralizing as the de novo antibody (k. = 0.125), there is no EI-HM. But, when the cross-reactive antibody is 5 times less
neutralizing than the de novo antibody (k. = 0.05), there is some enhancement of infection at low levels of baseline cross-
reactive antibody.

https://doi.org/10.1371/journal.pcbi.1011377.9005

Non-antibody immune response is dominant. In these simulations we vary the growth
rate, sg, of the non-antibody immune response. To compare, sz = 0 shows the peak of infected
cells when there is no non-antibody immune response and is therefore equivalent to the results
in Fig 4. Fig 6 shows peak infected cells for different values of A.(0).

A growth rate of sg = 0.26 is the highest value of s that shows no EI-HM whereas sz = 0.64
corresponds to primary infection peaking at day 5 (see Fig H in S1 Text), which is many days
before antibody reaches sterilizing levels. With si = 0.64, enhancement of up to 11 fold is possi-
ble. However, the range of A(0) values that lead to enhancement is quite a bit smaller than
observed in vitro, >0 to 74 compared to >0 to 24.

Model changes

In order to probe the robustness of our results, we consider three model changes: 1) B cells
and plasma cells are explicitly included in the model, 2) step functions in the differential equa-
tions are replaced with Hill functions, and 3) dissociation between antibody and virus is explic-
itly modeled. See S1 Text § ‘Other Models’ for a more detailed description of these changes.
None of these changes qualitatively change our results as seen in Figs J-O in S1 Text.

Explicitly modeling the dissociation between antibody and virus also allows us to consider
the situation where the cross-reactive antibody has a higher dissociation rate than the de novo
antibody. This situation is similar to that described in § ‘Cross-reactive antibody is less neutral-
izing’. When the dissociation rate of cross-reactive antibody is 50/day versus 10/day for the de
novo antibody, no EI-HM is observed. But when the dissociation rate of cross-reactive
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Fig 6. High growth rates of the non-antibody immune response, such as sg = 0.64, can produce dramatic EI-HM. Panel A shows simulation results
from the ADE model. When the non-antibody immune response is strong (sz = 0.64), controlling infection several days before antibody levels become
neutralizing, there is the possibility of dramatic EI-HM of up to 11 fold. In contrast when sz < 0.26, there is no EI-HM. Peak viremia has a greatly varying
range from experimental challenges with dengue in rhesus macaques, as shown in Panel B. In these experiments peak viremia was greatly increased in
secondary DENV2 infections but below detection in secondary DENV3. Both the simulation and the experimental data suggest the possibility of dramatic
EI-HM but also its inconsistency. Experimental data from [20].

https://doi.org/10.1371/journal.pchi.1011377.g006

antibody is 150/day versus 10/day for the de novo antibody, there is some EI-HM at low levels
of A.(0) but with maximum enhancement of only 1.1 fold (Fig P in S1 Text).

Likewise, using area under the curve of infected cells over time, instead of peak number of
infected cells, did not meaningfully alter our findings (Fig Q in S1 Text).

Suppressive memory can produce EI-HM without ADE

All of our above simulations show memory dominance when A (0) is sufficiently large—A (0)
> 0.036. This shows that memory dominance does not necessarily mean EI-HM. In fact, with
our model ADE (3, > ;) is necessary—but not sufficient—to produce EI-HM.

Our ADE model does not incorporate suppressive memory. In this section we modify the
equations for A. and A,, to incorporate this effect (detailed schematic in Fig B in S1 Text).

. PA

A =syI>1)———— 9
c CX( )¢+AE+An ()
. PA

A =sy(I>1)———"—— 10
=l > 1) g e (10)

Here y is the indicator function, ¢ = 28, and s, = s,, = 1.5. In this system increasing A sup-
presses the growth rate of A, and vice versa. We consider the situation where A, is a quarter as
potent as A,, (k.; = 0.25, k., = 0.0625) and there is no ADE (f; = 3, = 40). See Fig C in S1 Text
for dynamics of primary infection using these parameter values. In this case there is dramatic
EI-HM with fold enhancement of up to 117 fold (Fig 7). However, adding a non-antibody
immune response with sg = 0.27 or sg = 0.54 mostly or completely abolishes EI-HM. Here sg =
0.54 corresponds to primary infection peaking at day 5 (Fig Iin SI Text).
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Fig 7. Suppressive memory can produce EI-HM even in the absence of ADE. The figure shows simulation results from the
model described in § ‘Suppressive memory’. In this case the combination of suppressive memory and lower potency of the
cross-reactive antibody leads to EI-HM at lower levels of baseline cross-reactive antibody even though there is no ADE. The
presence of non-antibody immune responses (sg > 0) can lessen or even prevent this effect.

https://doi.org/10.1371/journal.pchi.1011377.9007

Other adverse effects of humoral memory

EI-HM is one possible adverse effect of humoral memory. Another possible adverse effect is a
negative effect of humoral memory at baseline on humoral memory post infection. Such an
effect is possible because of the negative feedback between antibody and pathogen and does
not require ADE or suppressive memory (see Fig R in S1 Text). Hence, if a class of antigeni-
cally similar pathogens can infect more than once, humoral memory may protect against the
immediate infection but enhance later infection.

Discussion and conclusion
Intuitive explanation

While our results may seem disparate, they can be explained by two factors: 1) the effect of
antibody early in infection and 2) the effect of cross-reactive humoral memory on the rapidity
of humoral response.

In the case of ADE, antibody may enhance viral growth early in infection, but humoral
memory may also accelerate the development of protective levels of antibody. In the case of
suppressive memory, viral growth is reduced early in infection, but the development of a
potent antibody response may also be delayed.

Depending on which of these factors dominates, cross-reactive humoral memory may
either enhance or decrease infection.
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Concluding remarks

Our results are consistent with the hypothesis that ADE and enhancement of infection from
passive antibody (EI-PA) can result when virus with intermediate levels of antibody is more
infectious than virus with lower or higher levels of antibody [18]. Hence additional mecha-
nisms, such as suppression of the immune response [2], are possible but not necessary to pro-
duce the phenomena of ADE and EI-PA.

We show that ADE, EI-PA, and enhancement of infection from cross-reactive humoral
memory (EI-HM) are distinct. ADE in our models always implies the possibility of EI-PA. Fur-
thermore, the range of antibody levels that produces ADE is similar to the range of passive
antibody levels that produces EI-PA. This is because passive antibody can enhance viral growth
early in infection but does very little to accelerate the development of protective levels of anti-
body. In contrast EI-HM is a double-edged sword, and ADE and EI-PA may not imply
EI-HM.

In our models, when ADE does produce EI-HM the range of baseline antibody levels that
produce EI-HM is very different from the range that produces ADE. This difference in ranges
may explain the observation in dengue patients that ADE measurements of pre-infection
plasma did not positively correlate with peak viremia [21].

ADE, EI-PA, and EI-HM are of particular concern for dengue infection. In the case of
dengue, there is extensive evidence for ADE in vitro [17, 19, 22-24], and EI-PA of up to 100
fold has been demonstrated in monkey experiments [7, 8]. In contrast, the evidence for
greater infection load in secondary infection is more limited. A large monkey experiment
involving 118 rhesus macaques showed higher viral load in secondary DENV?2 infection as
compared to primary DENV2 infection. However, in the same study secondary infections
with DENV1, DENV3 and DENV4 showed reduced viremia when compared to the respec-
tive primary infections [20]. A recent epidemiological study showed increased risk of severe
dengue in children with low or intermediate levels of dengue antibody at baseline as com-
pared to dengue seronegative children; higher levels of baseline antibody were associated
with reduced risk. In contrast, risk of symptomatic dengue decreased essentially monotoni-
cally with antibody levels [14]. Likewise analysis of clinical trials data suggested that vaccina-
tion of dengue naive children with the CYD-TDV dengue vaccine increased the risk of
severe dengue but reduced the risk of symptomatic dengue [25]. Our results suggest that this
pattern could be explained by a scenario in which the majority do not experience EI-HM but
a minority—for example those with very poor quality cross-reactive antibody—do experi-
ence EI-HM and this minority also tends to have more severe disease. However, [14] and
[25] examined disease severity rather than infection load, and in [14] the degree of enhance-
ment was highly sensitive to the method of classifying disease severity. (Using the 1997
World Health Organization (WHO) dengue severity classification system, the risk of severe
dengue was up to 7.6 fold elevated. Using the newer 2009 WHO severity classification, gener-
ally regarded as more accurate [9, 26], this was reduced to only 1.75 fold.) Despite this limita-
tion, in the case of human dengue infections, our results support the hypothesis that ADE
sometimes produces EI-HM but often does not.

We show that, in principle, memory dominance plus suppressive memory can also produce
EI-HM. In contrast memory dominance alone does not produce EI-HM in any of our models.
However, inclusion of a non-antibody immune response in our simulations dramatically
reduces EI-HM from suppressive memory, which casts doubt on its real world relevance.

It should be emphasized that our simulations only consider the effect of humoral memory
present at baseline on that particular infection. A negative effect of humoral memory at base-
line on humoral memory post infection can occur as a consequence of the negative feedback
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between antibody and pathogen and does not require ADE or suppressive memory. For infec-
tions, like influenza, where reinfections are common, some of the apparent adverse effects of
humoral memory likely involve not EI-HM but the negative effect of humoral memory at an
earlier time point on humoral memory at a latter time point with potentially many infections
in between [27].

Although CD4 T cells can increase pathology [28], a mechanism such as ADE is not estab-
lished for T cells. This implies that activating non-antibody immune responses, especially CD8
T cells, could be a promising component in vaccine development. Although memory domi-
nance and suppressive memory are concerns for antibody as well as T cells, our results suggest
that suppressive memory is unlikely to cause EI-HM. Moreover, the ability to strategically
direct T cell responses has been demonstrated [29, 30], potentially turning memory domi-
nance into a long term advantage.

Finally, our results also illustrate potential pitfalls from mathematical modeling, which may
be relevant not only for biology but also for other disciplines, such as economics and epidemi-
ology, that use abstract mathematical models. In the simplest version of our models, there is
EI-HM from suppressive memory but none from ADE, whereas adding plausible complexity
reverses this situation.
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